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ABBREVIATIONS 
CHN elemental analysis (carbon-, hydrogen-, nitrogen-analysis) 
Cr crystalline phase 
Colh hexagonal columnar phase 
Colr rectangular columnar phase 
Crp plastic crystalline phase 
d layer spacing 
DCC N,N’-dicyclohexylcarbodiimide 
DCM dichloromethane 
dec decomposition 
DMAP 4-(N,N’-dimethylamino)pyridine 
DMF dimethylformamide 
DOS dodecylsulphate 
I isotropic liquid 
IR infrared spectroscopy 
Ln lanthanide ion 
MALDI-TOF matrix-assisted laser desorption ionisation time-of-flight 
 mass spectrometry 
MIBK methyl-isobutylketon 
Me enantiotropic mesophase 
− Abbreviations − 
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Mm monotropic mesophase 
ñ director of the liquid crystal 
N nematic mesophase 
NMR nuclear magnetic resonance spectroscopy 
Oh octahedral hexagonal mesophase 
PEG-200 polyethylene glycol, average MW = 200 
POM polarising optical microscopy 
PTC phase transfer catalyst 
SmA smectic A mesophase 
SmC smectic C mesophase 
TBAB tetrabutylammoniumbromide 
TG thermogravimetry 
THF tetrahydrofuran 
TK Krafft point 
XRD X-ray diffraction 
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INTRODUCTION 
Liquid crystals are fascinating materials, exhibiting properties of both solids 
and liquids. They combine the anisotropic properties of crystals with the 
fluidity of liquids, so that liquid crystals in the mesophase can be considered 
as anisotropic liquids. In recent years, the design of metal-containing liquid 
crystals (metallomesogens) has attracted a lot of attention. Metallomesogen 
research is a growing branch of coordination chemistry. From an academic 
point of view, it is interesting to work with metals, because the large number 
of metals in the periodic system guarantees a great diversity of compounds. 
For metal complexes, there are many geometric possibilities, which could 
lead to new mesophase types.  
The first types of metal-containing liquid crystals were complexes of metal 
ions that form either linear complexes (Ag+, Hg2+) or square planar 
complexes (Cu2+, Ni2+, Pd2+, Pt2+). The working hypothesis at that time was 
that only classes of coordination compounds that mimic the classical 
organic rod-shaped liquid crystals would exhibit liquid-crystalline behaviour. 
However, gradually it became clear that also metal complexes with other 
geometries could be transformed into liquid crystals and that the molecular 
order in these complexes can be different from the order in the classic 
organic liquid crystals. This opened up the field for the construction of 
original structures able to contain a large number of metallic centres. 
A few years ago, Prof. Dr. Koen Binnemans introduced the subject ‘liquid 
crystals’ into our coordination chemistry lab. Since this lab has a long 
tradition on the spectroscopy of lanthanides, LnIII ions are being 
incorporated into mesogenic ligands.  
− Introduction − 
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The first synthesised lanthanide-containing liquid crystals were based on a 
Schiff’s base ligand with two aromatic rings. The groups of Galyametdinov, 
Bruce and Binnemans have already studied in detail lanthanide-containing 
complexes of analogous Schiff’s base ligands with one aromatic ring. 
Schiff’s base ligands with two aromatic rings have been studied much less 
intensively. In Chapter 2, we present new Schiff’s base complexes of the 
rare earths in which each ligand contains three aromatic rings. The thermal 
properties are studied by DSC, POM and TG measurements. 
By serendipity, we discovered that Lewis base adducts of tris(β-
diketonato)lanthanide(III) complexes with a salicylaldimine Schiff’s base 
have mesomorphic properties. We used 1,3-diphenyl-1,3-propanedione 
(dibenzoylmethane, Hdbm) as the β-diketone ligand and the ligand with one 
aromatic ring as the Schiff’s base. In these compounds, neither the Schiff’s 
base nor the tris(β-diketonato)lanthanide(III) complex do exhibit a 
mesophase, but the resulting bisadducts are liquid-crystalline. In Chapter 3, 
these compounds are structurally and thermally characterized. The crystal 
structure of an adduct of a Schiff’s base with short alkyl chains to La(dbm)3 
is described. The solution structure of diamagnetic complexes is investigated 
by 1D and 2D 1H-NMR methods. A series of compounds are prepared in 
order to investigate the influence of the lanthanide ion and the alkoxy chain 
length on the thermal properties. The thermal behaviour of the lanthanide 
complexes is investigated by polarising optical microscopy (POM), 
differential scanning calorimetry (DSC) and by time-resolved temperature-
dependent synchrotron X-ray diffraction measurements at the DUBBLE-
beamline of the ESRF (Grenoble, France). 
Chapter 4 describes the first examples of heteropolynuclear 
metallomesogens that contain both a transition metal ion and a trivalent 
lanthanide ion. Adducts were formed between a mesomorphic [Cu(salen)] 
complex (salen = 2,2’-N,N’-bis(salicylidene)ethylenediamine) with six 
terminal chains and a lanthanide nitrate. The structural and thermal 
− Introduction − 
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properties are studied with the usual methods (POM and DSC) and X-ray 
diffraction measurements. This work is extended in the sense that we vary 
some structural parameters, such as varying the metal ions by the use of 
different metal combinations and the structure of the ligands in order to 
obtain thermally more stable compounds. 
An introduction into the magnetism of these f-d metallomesogens is 
presented in Chapter 5. Since it is not the scope of this work to dig into the 
world of the exchange interactions between LnIII and CuII, we will only 
make a general study of the GdIII-CuII compound. 
But first, we will start to introduce some theory of liquid crystals. Besides 
the general terms used in liquid-crystalline research, Chapter 1 describes the 
classification of the different liquid-crystalline phases and three different 
ways to characterize which type of mesophase we are dealing with. 
 6 
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Chapter 1  
LIQUID CRYSTALS 
1.1 Introduction 
The difference between crystals and liquids, the two most common 
condensed phases of matter, is that the molecules in a crystal are ordered in 
a three-dimensional lattice whereas in a liquid they are not. The crystal 
consists of a more or less rigid arrangement of the molecules, which possess 
both positional as orientational order; the molecules are constrained to 
occupy specific sites in the lattice.  
Attractive intermolecular forces are strong enough at low temperatures to 
hold the molecules firmly in place, even though they all possess random 
motion due to thermal vibrations.  
Crystal Liquid
Temperature
 
Figure 1.1: Schematic melting behaviour of a non-mesomorphic compound 
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When the compound is heated, this thermal motion increases and eventually 
becomes so violent that the intermolecular forces cannot hold the molecules 
in place, causing the solid to melt (Figure 1.1). The regular arrangement of 
molecules is broken down with the loss of long-range orientational and 
positional order to give a disorganised isotropic liquid. 
However, this process, which transforms a compound from being very well-
ordered to being totally disordered in one step, is a very destructive one and 
is not universal for all compounds. There exist phases that are called 
‘orientationally ordered’ liquids or ‘positionally disordered’ crystals. In other 
words, phases with more order than present in liquids but less order than 
typical for crystals. Compounds that exhibit these phases are called liquid 
crystals, since they share properties normally associated with both liquids and 
crystals. A more proper name for a liquid crystal molecule is mesogen and the 
phases it forms are called mesophases.  
The motion of the molecules in liquid-crystalline phases is comparable with 
that of the molecules in a liquid, but they maintain some degree of 
orientational order and sometimes some positional order too (Figure 1.2). A 
vector, called the director (ñ) of the liquid crystal, represents the orientation 
of the molecules. 
Crystal Liquid
Temperature
n
Liquid crystal
Figure 1.2: Schematic melting behaviour of a liquid crystal 
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1.2 Classification 
A number of different types of molecules form liquid-crystalline phases. 
What most of them have in common is that their physical properties are 
anisotropic. Either their shape is such that one molecular axis is very 
different from the other two or in some cases different parts of the 
molecules have very different solubility properties. In the former case, the 
liquid-crystalline phase is formed by heating and/or cooling the sample 
(thermotropic liquid crystals). In the latter case, the influence of a solvent 
(usually water) introduces a mesophase (lyotropic liquid crystals).  
1.2.1 Thermotropic liquid crystals 
Compounds can form mesophases under the influence of a change in 
temperature. In this case, the liquid crystal is termed a thermotropic liquid 
crystal. When such a compound is heated it goes from the crystalline state 
into the liquid-crystalline state at a point called the melting point. By further 
heating the birefringent (anisotropic) liquid crystal becomes an isotropic 
liquid at the clearing point: the birefringent liquid becomes clear and all order 
disappears. 
When the thermotropic liquid crystal forms a mesophase both in the heating 
and the cooling process, it is called an enantiotropic liquid crystal. 
Thermodynamically unstable mesophases, which only appear in the cooling 
process at a temperature below the melting point, are referred to as 
monotropic liquid crystals (Figure 1.3). 
Cr CrI IMe
Mm  
Figure 1.3: Liquid-crystalline behaviour: enantiotropic (left) and monotropic (right) 
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The phase behaviour of a thermotropic mesogen is denoted according to 
several conventions. A complete transition sequence is characterized by the 
description of the solid state, the liquid-crystalline transitions and the 
clearing point. The phase symbol is followed by the temperature at which 
the transition occurs. Monotropic transitions appear in round brackets. E.g. 
(1) Cr ⋅ 60 ⋅ Me ⋅ 140 ⋅ I designates a compound melting at 60 °C into the 
phase Me and clearing at 140 °C; (2) Cr ⋅ 60 ⋅ Me ⋅ 120 ⋅ dec. designates a 
compound melting at 60 °C into the phase Me and at 120 °C it decomposes 
without clearing; (3) Cr ⋅ 60 ⋅ (Mm ⋅ 40) ⋅ I designates a compound melting at 
60 °C into the isotropic phase. Below 40 °C on cooling, a monotropic Mm 
phase exists. 
Thermotropic liquid crystals are classically divided into two main groups, 
depending on their structural features: calamitic mesogens (rod-like 
molecules) and discotic mesogens (disc-like molecules). In both cases, the 
molecules can be described as cylinders with a high degree of structural 
anisotropy.  
z
x
y
 
Figure 1.4: Example of a calamitic liquid crystal 
Calamitic compounds have a structure in which the axial part is larger than 
the radial parts (Figure 1.4). On the other hand, discotic compounds, as the 
name implies, are disc-like, therefore the radial parts are larger than the axial 
part (Figure 1.5). 
C N
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Figure 1.5: Example of a discotic liquid crystal 
Attention should be drawn to the fact that there exists some kind of 
dichotomy between the mesophase type and the molecular structure. Many 
compounds whose structures are rather different from rod-like are capable 
of showing calamitic phases. Conversely, compounds with an elongated 
molecular shape can give rise to columnar mesophases usually associated 
with disc-shaped molecules (Figure 1.6). 
 
Figure 1.6: Rod-like molecules can form a discotic mesophase 
O
O
O O
O
O
z
x
y
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1.2.1.1 Calamitic mesophases 
Rod-like molecules can form calamitic mesophases. This means that first of 
all the molecule must be elongated in shape, that is, it must be significantly 
longer than it is wide. Secondly, the molecule must have some rigidity in its 
central region. Modifications to the ‘rigid core’, which ruin its linear 
structure or increase its flexibility, tend to destabilize or eliminate liquid-
crystalline behaviour. Finally, two terminal groups R1 and R2 are usually 
necessary for the formation of liquid-crystalline phases; they may be a 
flexible chain or a polar group. Figure 1.7 gives a schematic representation 
of a typical calamitic liquid crystal. 
R1 R2O1 O2B
 
Figure 1.7: Schematic representation of a typical calamitic liquid crystal; 
R denotes and end group, O a ring structure, and B a bridging group 
Why this model works is not difficult to understand. Elongated molecules 
usually have stronger attractive forces when they are aligned parallel to one 
another. The flexible or polar ends seem to allow one molecule to position 
itself more easily between other molecules as they all chaotically move 
around. 
There are two types of calamitic mesophases: the nematic and the smectic (or 
lamellar) mesophases. The least ordered mesophase is the nematic phase 
(N). To a first approximation, this phase can simply be thought of as liquids 
that have long-range orientational order but lack positional order. So the 
molecules align with their long molecular axis more or less parallel to a 
preferred direction indicated by the director (ñ) (Figure 1.8). They can move 
freely within the nematic phase and are able to rotate around the long 
molecular axis. 
− Chapter 1 − 
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n
 
Figure 1.8: Schematic representation of the nematic phase 
The nematic liquid-crystalline phase is technologically the most important of 
the many different types of mesophases. It is used in virtually all 
commercially available liquid crystal displays (LCD). 
Smectic mesophases (Sm) show a higher degree of order than the nematic 
phase. There is of course orientational order but also some positional order. 
The molecules are not only oriented in one direction, they are also 
positioned to one another in layers. Within the layers there can be some 
positional order. A number of smectic phases exist which differ in the 
degree of order present both within and between the layers. 
The simplest smectic phase is the smectic A (SmA) phase, in which the 
molecules are aligned parallel to the layer normal without having positional 
order within the layer. The normal to the layers can be tilted by an angle 
other than 90°. The phase is then called smectic C (SmC) (Figure 1.9). 
 
 
 
 
 
Figure 1.9: Schematic representation of a SmA (left) and a SmC (right) phase 
n n
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SmA en SmC phases are the least ordered smectic phases and are also the 
most commonly observed. Due to the molecular mobility inherent in these 
phases and their relative low viscosities, they are called real smectic phases. 
Over the years, many phases with the layering order of the smectic A and C 
phases have been discovered. For example, hexatic smectic B (HexB) phase is 
similar to SmA phase but there exist two dimensional order within the 
layers. The molecules adopt a hexagonal arrangement (Figure 1.10). 
 
n
 
Figure 1.10: Schematic representation of a HexB phase 
HexF and HexI phases are the tilted analogs of the HexB phase. If we 
consider a SmC phase and we want to order the molecules hexagonal in the 
layers, there are two options: in the HexF phase, the tilt is perpendicular to 
the sides of the hexagon. If molecules tilt towards a corner it is known as 
the HexI phase (Figure 1.11). 
HexF HexI
 
Figure 1.11: Schematic representation of a HexF (left) and HexI (right) phase 
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While all of the previously described phases are proper liquid-crystalline 
phases, there are other phases in which the positional order is three-
dimensional. They differ from true crystal phases in one important aspect. 
The molecules in them have freedom of rotation about their long axis; their 
thermal motion is not completely frozen out. These phases are labelled 
crystal phases (denoted by the letters B, E, G, H, J, K). 
In cases where the molecules that form a liquid-crystalline phase are chiral, 
the structure of these mesophases can have an additional property. In the 
chiral nematic phase (N*) the director rotates continuously in a space along an 
axis perpendicular to the director (Figure 1.12). 
 
pitch
 
Figure 1.12: Schematic representation of a chiral nematic phase 
The pitch of a chiral nematic phase is the distance along the helix over 
which the director rotates by 360°. There are also chiral versions of all the 
tilted smectic phases, e.g. SmC*. In this phase the director maintains a 
constant tilt angle with respect to the layer normal and rotates around this 
normal in going from one layer to the next. 
− Liquid Crystals − 
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1.2.1.2 Discotic mesophases 
Most materials that generate discotic mesophases have a disc-like molecular 
structure, which can be generalised by the template shown in Figure 1.13. 
R
R
O
O
OR
S
R
O
R
O
O
O
(O)R
H3C
R
(O)R
 
Discotic Core
 
Figure 1.13: A general structural template for discotic liquid crystals 
In order to maintain the disc-like structure the central core is usually 
symmetrical and peripheral dendritic units are present in numbers that are 
appropriate for the central core. For example, benzene usually has six 
chains, but the phthalocyanine cores have eight peripheral moieties. 
Additionally, having all the peripheral units identical helps to maintain the 
overall discotic architecture of the structure. Molecules of this shape 
generally form either nematic or columnar phases.  
The most simple discotic phase is also called the discotic nematic phase, 
because there is orientational order but no positional order (Figure 1.14). 
The discotic nematic phase is denoted by ND where the subscript D is used to 
avoid confusion with the normal nematic phase. 
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Figure 1.14: Schematic representation of a discotic nematic phase (ND) 
The ND phase, like its calamitic analogue, is the least ordered liquid-
crystalline phase and the least viscous. The only restriction to the molecules 
is the orientation along a specific direction called the director (ñ). In the 
columnar discotic phase there is an addition to the orientational order present 
in the nematic discotic phase. Most of the molecules in the columnar 
discotic phase tend to position themselves in columns, the different 
columns constituting a two-dimensional lattice. There are several types of 
columnar mesophases because of the different symmetry classes of the 
two-dimensional lattice of columns and the order or the disorder of the 
molecular stacking within the columns. 
Again, the most simple one is the nematic columnar phase (NC). This phase 
consists of short columns of a few molecules that act like the rod-like 
molecules in the nematic calamitic phase (Figure 1.15). There is no 
organization of the columns in a two-dimensional lattice. 
 
 
Figure 1.15: Schematic representation of a nematic columnar phase (NC) 
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In all other cases the columns are parallel to one another and are arranged 
with positional order and form a two-dimensional array, which is either a 
rectangular, tetragonal or hexagonal lattice. Figure 1.16 shows the molecular 
arrangement in the hexagonal columnar phase (Colh). If the molecules in the 
columns are ordered the symbol is further denoted as Colho, disordered as 
Colhd or tilted as Colht. 
The Colho phase is best defined as a disordered crystal mesophase because 
of the long-range positional order of the molecules in three dimensions 
(thus also within the column). However, the Colhd phase can be defined as 
being truly liquid-crystalline because of the disordered arrangement of the 
molecules within the columns. 
 
Figure 1.16: Schematic representation of a Colho phase  
and the possible order within the columns 
The columnar rectangular phases are all truly liquid-crystalline because only 
rectangular phases in which the molecules are disordered (Colrd) have been 
identified. 
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Chiral nematic discotic liquid crystals also exist. In this phase the director 
rotates in a helical fashion throughout the sample, just as in the case of 
rod-like chiral nematic liquid crystals. 
1.2.2 Lyotropic liquid crystals 
The types of molecular structure that generate lyotropic liquid-crystalline 
phases are amphiphilic. Amphiphilic molecules have two parts, a polar head 
group that is therefore hydrophilic, and a non-polar tail that is therefore 
hydrophobic. A typical example of such a molecule is the soap sodium 
stearate (Figure 1.17). These molecules that form lyotropic liquid crystals are 
also called surfactants. 
Na
 O
O
Polar head
Non-polar tail
 
Figure 1.17: Typical example of a amphiphilic molecule 
In the description of the lyotropic phases, a new parameter, besides the 
temperature, must be considered: the solvent (usually water). As a result, not 
only the temperature, but also the number of components in the solution 
and their concentrations are decisive factors for the appearance of these 
mesophases.  
In dilute solutions, the surfactant forms micelles that are “dissolved” in the 
solvent. Such micelles behave as an isotropic fluid. Micelles are aggregates of 
molecules in a way that the non-polar chains aggregate together and are 
effectively removed from the water by the surrounding polar head groups. 
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Reverse micelles can also form where the non-polar chains radiate away 
from centrally aggregated head groups that surround the water. Such reverse 
micelle formation usually occurs in oil-water mixtures where the amount of 
water is small and fills the gap surrounded by the polar head groups (Figure 
1.18). 
Micelle Micelle cross-section
Reverse micelle Reverse micelle cross-section
 
Figure 1.18: Structures of micelles formed by amphiphilic molecules 
Micelles dissolved in water can thus be regarded as an isotropic liquid. If we 
increase the concentration of the surfactant, more ordered phases (lyotropic 
mesophases) can be generated. However, by modification of the 
temperature of the system, liquid-crystalline phases can also be induced. 
Surfactants dissolved in water have a Krafft point, defined as the temperature 
(TK) below which micelles are insoluble. Above the Krafft point lyotropic 
liquid-crystalline phases are generated. As the temperature increases, 
lyotropic liquid-crystalline phases exist until the melting point of the 
surfactant is reached.  
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The three main classes of lyotropic mesophase structures are lamellar, 
hexagonal and cubic phases. 
In the lamellar phase, water is sandwiched between the polar heads of 
adjacent layers, while the hydrophobic tail, which are disordered, are in a 
non-polar environment (Figure 1.19). 
Non-polar chains
Polar head group
Water layer
Bilayer unit
 
Figure 1.19: Structure of the lamellar lyotropic liquid-crystalline phase 
As the name implies, the hexagonal lyotropic mesophases have a molecular 
aggregate ordering, which corresponds to a hexagonal arrangement. The 
molecules form cylinders of indefinite length rather like the columnar phase 
of discotics (Figure 1.20). The reversed hexagonal phase also exist and is 
basically the same as the normal hexagonal phase except that the micellar 
cylinders are reversed with the non-polar chains radiating outwards from the 
cylinders. 
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Polar head groups
Water surrounding
head groups
Non-polar chains
 
Figure 1.20: Structure of the hexagonal lyotropic liquid-crystalline phase 
In cubic lyotropic mesophases the surfactant forms micelles that are arranged 
in a cubic lattice. Again, the normal manner as well as the reversed manner 
is a possible phase (Figure 1.21). 
Micelle cross-section
Micelle
 
Figure 1.21: Structure of the cubic lyotropic liquid-crystalline phase 
The lamellar mesophases are less viscous than hexagonal mesophases 
despite the fact that they contain less water. This is because the parallel 
layers can slide over each other. The hexagonal phase, on its turn, is less 
viscous than the cubic one because the columns are not restrained to each 
other.  
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1.3 Mesophase characterisation 
In studying liquid crystals, it is important to find methods that can be used 
to characterize them. The initial determination of mesomorphic properties 
for a new compound is usually made by the chemist who synthesized the 
materials. Two widely used methods that require relatively inexpensive 
equipment are hot-stage polarizing microscopy (POM) and thermal analysis 
via differential scanning calorimetry (DSC). A third method normally 
requiring interaction with another scientist and expensive equipment, is 
X-ray crystallography. This method usually defines the structure of the 
phase and is used to confirm the identifications provided by the first two 
methods or to characterize a new mesophase. 
1.3.1 Polarizing Optical Microscopy (POM) 
This method is based on the fact that liquid crystals are birefringent media 
in which the optical axis is defined by the director. Birefringent materials 
possess an important property. Consider light containing both x-polarized 
and y-polarized electric field components (Figure 1.22). When this light 
strikes the polarizer at 90° only the x-component remains. When there is no 
material or an isotropic material present, the light retards with the same 
amount in all directions. So only the resultant component is directed in the 
x-direction. Another polarizer (analyzer), crossed over 90° with regard to 
the first one, blocks all the light.  
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Figure 1.22: Principle of crossed polarizers 
The situation is totally different when we place a liquid crystal between these 
crossed polarizers. The first polarizer is oriented such that the direction of 
the linearly polarized light makes an angle other than 0° or 90° with the 
director of the liquid crystal. We can consider this light to be composed of 
light polarized along the director and light polarized perpendicular to the 
director with zero phase difference. In passing through the liquid crystal, the 
two linearly polarized light beams get out of phase and in general emerge as 
elliptically polarized light. Since the electric field of elliptically polarized light 
is constantly rotating completely around during each cycle, it is parallel to 
the polarization axis of the second polarizer twice during each cycle. Some 
light will therefore pass through the second polarizer. Thus, introduction of 
a liquid crystal between crossed polarizers in general causes the field of view 
to appear bright, whereas with no liquid crystal between the polarizers it was 
dark. However, there are two conditions under which liquid crystals 
continue to appear black; if the incident linearly polarized light has its 
polarization direction either parallel or perpendicular to the director of the 
liquid crystal. There are also many places where the brightness change 
abruptly, indicating that the orientation of the director must change abruptly 
there. These lines are called disclinations and represent places where the 
director is really undefined, since it points in many directions within an 
extremely small region. 
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It seems logic that we make use of this property to study the different 
liquid-crystalline phases. Due to these defects each liquid-crystalline phase 
has a different texture. Disclinations in the nematic phase produce the 
characteristic Schlieren texture (Figure 1.23). Equally important to the 
specific texture for identification are the changes that occur in the phase 
transitions that take place between these textures. The formation of droplets 
that grow and then coalesce when the isotropic liquid is cooled also 
indicates a nematic phase. And a scintillation type effect (‘flash effect’) is 
also typical for this phase due to the fluctuation of the nematic phase 
director.  
 
 
Figure 1.23: Texture of 4-nonyloxybenzoic acid at 140 °C (100x magnification) 
A schematic representation of a polarizing optical microscope is depicted in 
Figure 1.24. Besides the optical components, it exists of two crossed 
polarizers and a heating stage. One polarizer is placed between the light 
source and the heating stage (polarizer) and the other is localized between 
the heating stage and the observer (analyzer). For observing liquid-
crystalline phases the polarizers are typically crossed. The heating block of 
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the heating stage is made of silver due to the high thermal conductivity of 
this metal.  
Crossed polarizers
Light source
Sample on hot stage
Observer
 
Figure 1.24: Schematic representation of POM 
1.3.2 Differential Scanning Calorimetry (DSC) 
Many physical or chemical transformations are associated with heat 
absorption (endothermic) or heat evolution (exothermic). These events are 
easily detected by a difference in temperature and heatflow between a 
sample and an inert reference material. Since liquid crystals show by 
increasing temperature physical and/or chemical transformations, which 
involve a change in enthalpy or heat capacity, DSC is a widely used 
technique in the investigation of the thermal behaviour of these 
compounds. 
Differential measurements are preferred over direct measurements in 
thermal analysis. In this way, changes in the temperature of the sample can 
be detected more accurately than when only the absolute temperature of the 
sample is measured. Two versions of DSC can be distinguished: heat-flux 
DSC and power-compensation DSC. 
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The principle of heat-flux DSC is illustrated in Figure 1.25. Sample and 
reference substance are placed in small crucibles and positioned on a heat-
flux plate in a furnace. Symmetrical heating of the cell is achieved by 
constructing the furnace from a metal of high thermal conductivity (e.g. 
silver). The heat-flux plate generates a very controlled heatflow from the 
furnace wall to the sample and reference. As temperature measurement also 
takes place at this plate, directly below the crucibles, the influence of 
changes in the thermal resistance of the sample is eliminated. In this way, 
enthalpy changes in the sample can be measured accurately. However, 
calibration with a standard compound remains necessary. 
S R
∆T
 
Figure 1.25: Heat-flux DSC cell; S = sample, R = reference 
Power-compensation DSC uses a radically different measurement method. 
Instead of relying on heat conduction from a single furnace, governed by 
temperature difference, reference and sample are heated in a separate 
furnace. With the aid of a temperature programmer, both sample and 
reference are heated and always controlled to have the same temperature. As 
soon as changes in the sample occur, a special electronic circuitry sends heat 
to the sample (in case of an endothermic reaction) or to the reference (in 
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case of an exothermic reaction) to keep the temperature difference zero. In 
this way, power and consequently heatflow and enthalpy changes are 
measured. A schematic representation of a power-compensation DSC is 
shown in Figure 1.26. 
T sensorS R
 
Figure 1.26: Power-compensation DSC cell; S = sample, R = reference 
The results presented in this work are all performed by a Mettler-Toledo 
DSC-822e, which is an example of a heat-flux DSC. Data are plotted as 
heatflow (dQ/dt) against temperature (T), giving a graph called a 
thermogram. A typical thermogram of a liquid crystal (4-nonyloxybenzoic 
acid) is shown in Figure 1.27. The peak area directly corresponds to the heat 
consumed or produced by the sample. 
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Figure 1.27: DSC thermogram of 4-nonyloxybenzoic acid 
(Cr ⋅ 93 ⋅ SmC ⋅ 111 ⋅ N ⋅ 141 ⋅ I) 
(endothermic peaks are pointed upwards) 
Typically enthalpy changes between successive liquid-crystalline phases or 
between a liquid-crystalline phase and an isotropic liquid (clearing enthalpy) 
are typically small, and at around 1-10 kJ/mol, while transitions between a 
crystal and a liquid-crystalline phase (melting enthalpy) are strongly first 
order and often in the range 20-50 kJ/mol. Typically heating rates are 
10 °C/min. 
Since the enthalpy of phase transitions can be determined by DSC, this 
method provides information which cannot be obtained by microscopy. But 
DSC cannot be used to identify mesophases as can be done with 
microscopy. Thus, the two methods complement each other. 
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1.3.3 X-Ray Diffraction (XRD) 
X-ray diffraction provides one of the most definitive ways to determine the 
structure of liquid-crystalline phases. X-rays interact with the electrons in a 
material. The various scattered wavelets from the different atomic sites 
combine, undergoing constructive or destructive interference, depending on 
the relative phases of the different wavelets, thus on their path difference. 
This can be expressed by Bragg’s law: 
 n λ = 2 d sin θ Equation 1.1 
As shown in Figure 1.28, this law states that X-rays reflected by successive 
atomic planes separated by a distance d of a crystal, interfere constructively 
when the path difference between them is an integer (n) multiple of the 
wavelength λ. Note that the diffraction angle is 2 θ. 
ki ki
ks
2θ
Q = (      -      )ki ks
incident
beam
diffraction
   peak n
ki
ks
θn
θn
 
Figure 1.28: Diffraction from parallel planes (above),  
and definition of the scattering vector Q  (below) 
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The positions of the diffraction peaks are reciprocally related to the 
separations between molecules (or groups of molecules), in other words; the 
smaller the d-spacing, the larger is the diffraction angle 2 θ. 
The X-ray diffraction pattern of a liquid-crystalline phase affords several 
types of information depending on the angular region investigated. In 
general, two regions are examined in the pattern, the small-angle region and 
the wide-angle region:  
The small-angle maxima are due to intermolecular interferences along the 
director in case of rod-like molecules (calamitic mesogens) or along a 
direction perpendicular to the director in case of disc-like molecules 
(discotic mesogens), and correspond to long distances (tens of Å). Periodic 
distances d in the structure, such as the interlayer spacing, are calculated 
from these maxima by applying Bragg’s law. In general, this d value 
corresponds roughly to the molecular length in calamitic compounds and to 
the molecular diameter in discotic compounds. The sharpness of the peaks 
is related to the extent to which the separations extend periodically over 
large distances. The ratio of the Bragg peak positions reveals the long-range 
organisation of the phase. 
The wide-angle maxima are due to intermolecular interferences in the 
direction perpendicular to the director in the case of calamitics or along the 
director in the case of discotics, and correspond to short distances (3 to 
6 Å). In general, these distances correspond roughly to the molecular width 
in the case of calamitic compounds and to the molecular thickness in the 
case of discotic compounds. The more order in the short-range organisation 
of the molecules, the sharper the peaks in the wide-angle region. 
We will illustrate this for the three most common phases: the nematic phase, 
the smectic phase and the hexagonal columnar phase. 
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Nematic phase: 
For the nematic phase, which is an orientationally ordered fluid, diffuse 
maxima are seen in both the small-angle and the wide-angle regions. These 
peaks arise from the average end-to-end (molecular length) and side-to-side 
(molecular width) separations of the close-packed molecules. The peaks are 
diffuse because these positional correlations only extend over short 
distances.  
Smectic phase 
For the simplest kind of smectic phase, SmA, there is a layer structure with a 
periodicity d equal to or less than the molecular length. This leads to a 
number of equally-spaced small-angle peaks with the reciprocal d-spacings in 
the ratio 1, 2, 3, 4,… The same diffraction pattern is seen for the SmC phase 
and the only difference is that the layer spacing will be reduced due to the 
tilt-angle. It is possible to make by X-ray diffraction the difference between 
a smectic A and a smectic C phase, when the temperature-dependence of 
the layer spacing is measured: As the temperature is raised in the SmA 
phase, the smectic layer spacing, d, decreases. This is in contrast with the 
SmC phase, where the d-spacing increase with increasing temperature. 
Hexagonal columnar phase 
Typical for a hexagonal columnar phase are the small-angle peaks with 
reciprocal d-spacings in the ratio 1, √3, √4, √7, √9, …. The wide-angle peaks 
give us information about the positional order of the molecules along the 
columns. Broad peaks indicate short-range positional order (Colhd), while 
sharper peaks are only seen with long-range positional order; each molecule 
is in a fixed position along the column (Colho). The distinction between 
other columnar phases can be made in the small-angle region.  
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Chapter 2  
METALLOMESOGENS WITH SCHIFF’S BASES 
2.1 Introduction 
2.1.1 The story of liquid crystals 
In this introduction towards lanthanide complexes of Schiff’s bases with 
three aromatic rings, we will give a short historical overview of the 
lanthanide-containing liquid crystals with Schiff’s base ligands.  
In 1991 Galyametdinov and co-workers1 reported the first calamitic 
lanthanide-containing liquid crystals. These were lanthanide complexes with 
Schiff’s base ligands (= LH) depicted in Figure 2.1. 
O
O
NC12H25
OH
H15C7O
 
Figure 2.1: Ligand of the first calamitic lanthanide-containing liquid crystal 
The complexes have the following composition: [Ln(LH)2LX2], where 
X = NO3−, Cl− and Ln = Eu3+, Gd3+, Dy3+ and Pr3+. The ligand itself is 
mesogenic with a thermal behaviour schematically shown as: 
Cr ⋅ 43 ⋅ N ⋅ 71 ⋅ I. The complexes form a highly viscous smectic A 
mesophase. The transition temperatures are influenced by the counter ions, 
e.g. (Pr3+; NO3−): Cr ⋅ 96 ⋅ SmA ⋅ 181 ⋅ I and (Eu3+; Cl−): 
Cr ⋅ 146 ⋅ SmA ⋅ 236 ⋅ I. Much lower transition temperatures were observed 
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for complexes with nitrate counter ions in comparison with complexes with 
chloride counter ions. An X-ray diffraction study of these compounds has 
been published by Binnemans and co-workers.2 
In 1994, Galyametdinov and co-workers3 discovered the first liquid-
crystalline lanthanide complexes with a non-mesomorphic Schiff’s base 
ligand, shown in Figure 2.2. Mesomorphism is induced by the lanthanide 
ion.  
H15C7O
NC18H37
OH  
Figure 2.2: Non-mesomorphic ligand used for lanthanide-containing liquid crystals 
The stoichiometry of the complexes was found to be [Ln(LH)2LX2], where 
LH is the salicylaldimine Schiff’s base, L is the deprotonated form, and X is 
the counter ion. Further work done by the research groups of 
Galyametdinov, Bruce, and Binnemans gave more insight in the structure of 
these Schiff’s base complexes.4,5 By performing the complex formation at 
40 °C, they obtained a stoichiometry consistent with [Ln(LH)3(NO3)3]. 
Single crystal X-ray structure on complexes with ligands with short alkyl 
chains revealed that the ligand is present in a zwitterionic form, i.e. the 
phenolic hydrogen has been transferred to the imine nitrogen, and 
coordinate to the lanthanide ion via the negatively charged phenolic oxygen 
only (Figure 2.3). The coordination number of the lanthanide ion is 9, 
obtained by the nitrate counter ions, which coordinate in a bidentate 
fashion, and by the three Schiff’s bases. 
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Figure 2.3: Schematic representation of the complex [Ln(LH)3(NO3)3] 
All the complexes exhibit a smectic A phase with a relatively low viscosity 
and an enhanced thermal stability. Neither the alkoxy chain length nor the 
N-alkyl chain length has a substantial influence on the transition 
temperatures.6 However, for the nitrate series, the lanthanide ion influences 
the mesophase greatly. Whereas the melting point increases towards the 
smaller lanthanides, the clearing point decreases simultaneously, so the 
overall effect is a decrease of the mesophase stability range over the 
lanthanide series. The transition temperatures of the corresponding chloride 
complexes are less influenced by the size of the lanthanide ion. Just as in the 
case of the two-ring Schiff’s base complexes, a complex with a chloride 
counter ion was found to have much higher transition temperatures than 
analogous compounds with nitrate counter ions, while dodecylsulphate 
(DOS) counter ions show the lowest transition temperatures.7 
The molecular structure of the mesophase is less intensively studied. 
Galyametdinov and co-workers proposed a molecular structure that can be 
described as a trigonal prism where the nitrate groups occupy equatorial or 
axial positions (Figure 2.4).8,9 
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Figure 2.4: Molecular structure of [Ln(LH)3(NO3)3] 
Because the smectic layer thickness d was found to be shorter than the 
calculated length of the Schiff’s base ligand, it was assumed that the 
molecules of each layer penetrate the adjacent layer to a limited depth. 
Although we know that, in contrast to the proposed structure, the nitrogen 
atoms of the ligands do not coordinate to the lanthanide ion, it is likely that 
the proposed molecular arrangement of the lanthanide complexes in the 
smectic layer is close to reality. 
The discovery of these complexes was a major breakthrough in the field of 
lanthanide-containing liquid crystals. These complexes are thermally more 
stable than classical lanthanide-containing liquid crystals, which decompose 
at the clearing point (or they even decompose in the mesophase without 
clearing at all). Thermal decomposition of the lanthanide complexes of 
ligands with one aromatic ring starts more than 100 °C above the clearing 
point. Besides this remarkable thermal stability, these complexes show 
interesting magnetic properties, such as a huge magnetic anisotropy. Due to 
the incorporation of paramagnetic lanthanide ions and the quite low 
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viscosity of the mesophase, these complexes can be aligned by a relatively 
weak magnetic moment.10,11  
Van Deun et al. also studied the influence of the ligand substitution.12 
Changing the position of the alkoxy chain from 5 to 4 resulted in a 
destruction of the mesomorphic behaviour. When the alkoxy chain is simply 
omitted, the liquid-crystalline properties disappear as well. 
By placing an additional alkoxy chain on the benzoyloxy group of the 
two-ring ligands (Figure 2.5), Bruce and coworkers13 were able to obtain 
lanthanide complexes with a hexagonal columnar mesophase. 
RO
O
O
OH
NR'
RO
 
Figure 2.5: Two-ring ligand with additional substitution in the 3-position 
The authors also showed that substantially lower transition temperatures 
could be achieved by making use of the triflate group as the counter ion, 
which could be expected (bulky counter ion).  
Till now, nobody studied the influence of an extra aromatic ring in the 
ligand, on the thermal behaviour of the lanthanide complexes. One ring less 
than the ‘original’ two-ring ligand resulted in a major breakthrough in the 
field of the calamitic lanthanide-containing liquid crystals. So, we were 
curious to know the influence of an extra phenyl ring on the thermal 
behaviour of the lanthanide complexes.  
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2.1.2 Three-ring Schiff’s bases as the ligand 
In this chapter, we will describe lanthanide complexes with the three-ring 
Schiff’s base ligand as shown in Figure 2.6. 
O
O
RO
O
O
OH
NR'
 
Figure 2.6: The three-ring Schiff’s base ligand 
With this ligand, complexes are formed with all the lanthanide nitrates. Two 
extra complexes of lanthanum and gadolinium with Cl− as the counter ion 
are synthesized. Besides the structure of these compounds, the thermal 
properties are studied by DSC, POM and TG.14  
2.2 Synthesis 
2.2.1 Synthesis of the three-ring ligand 
The Schiff’s base ligand was synthesized via a five-step reaction (Scheme 
2.1).  
Step 1: 
This etherification requires a simple one-pot reaction. An excess (2.5 eq.) of 
KOH is essential because the COOH group will be more easily 
deprotonated than the phenolic hydrogen. However, only one equivalent of 
RBr is added, only to alkylate the deprotonated phenol oxygen, which is 
more reactive than the COO− group, which is stabilized by resonance. 
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This reaction uses PEG-200 (polyethylene glycol, average MW = 200) as the 
solvent15 and gives the best results at a temperature of 80 °C. It will be 
thoroughly discussed in Chapter 4.  
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Scheme 2.1: Synthesis of the Schiff’s base ligand 5 (LH). Experimental 
conditions: (step 1) C6H13Br, KOH, PEG-200, 80 °C; (step 2) DCC, DMAP, 
dichloromethane, room temperature; (step 3) Pd/C, H2, THF;  
(step 4) DCC, DMAP, dichloromethane, room temperature;  
(step 5) acetic acid (catalyst), toluene, reflux 
− Metallomesogens with Schiff’s bases − 
 
42 
Step 2:  
The second step in this Schiff’s base ligand synthesis is the addition of an 
extra aromatic ring to the 4-alkyloxybenzoic acid. This substitution will only 
be selective at the 4-position if we use benzyl 4-hydroxybenzoate, with 
benzyl as the protecting group. 
A suitable method for this esterification reaction was described by Hassner 
et al..16 The reaction is a mild one pot method, which allows the conversion 
of a carboxylic acid at room temperature and under neutral conditions into 
an ester.  
The reaction is catalyzed by DMAP (4-N,N’-dimethylaminopyridine) and 
the equilibrium can be moved to the right by adding DCC 
(N,N’-dicyclohexylcarbodiimide) that reacts with the released water and 
results in dicyclohexylurea (Figure 2.7) . 
C NN
H2O
N
H
C N
HO
 
Figure 2.7: Reaction of DCC with water 
The reaction mechanism is shown in Appendix A.1. 
Step 3: 
The third step towards our ligand synthesis is a catalytic hydrogenation to 
remove the protecting group. This reaction is carried out in an 
H2-atmosphere with a Pd-catalyst (10% wet Degussa Pd/C catalyst). We 
used a set-up with a system of communicating vessels to control the applied 
pressure. The H2-pressure is kept just above atmospheric pressure to avoid 
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leakage at high pressure. At the end of the reaction, the Pd-catalyst was 
removed by filtering the solution through a layer of Celite. 
Step 4:  
This reaction is performed in the same reaction conditions as step 2. The 
carboxylic acid will react very selectively with the hydroxyl group in para 
position of the aldehyde group, because the hydroxyl group in ortho 
position is protected by a hydrogen bond. This, together with the mild 
conditions of the reaction leads to the selectivity of the reaction. 
Step 5: 
The mechanism for imine formation is essentially a two-step process and is 
illustrated in Appendix A.2. The reaction is catalyzed by a small amount of 
acid. The pH at which the reaction rate is the greatest, is 3 to 4. At this pH 
the rate of the first step (addition of ethylenediamine) is not too much 
decreased, because of +NH2R formation. However, the second step 
(elimination of water) is accelerated by the formation of –OH2+ as a better 
leaving group as –OH. Moreover, we can shift the equilibrium to the right 
by using a Dean-Stark trap and toluene as the solvent. In this way, the 
released water can be removed azeotropically. The solvent is toluene, which 
forms an azeotrope with the released water at 84 °C. This azeotrope cools 
down in the Dean-Stark trap and the water separates from the toluene. In 
this way the equilibrium is shifted to the right. 
Four hours is usually enough to accomplish this reaction, but the end of the 
reaction can be determined by the amount of water in the Dean-Stark trap. 
The completeness of the reaction can also be confirmed by 1H-NMR. In 
particular by the appearance of the CH=N signal at 8.34 ppm and the 
disappearance of the CH=O signal located at 9.90 ppm in the starting 
aldehyde. 
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2.2.2 Synthesis of the complexes 
The metal complexes were prepared by adding a methanolic solution of the 
corresponding (hydrated) lanthanide salt to a hot methanolic solution of the 
ligand.  
2.3 Results and discussion 
2.3.1 Structure of the compounds 
The metal complexes formed between the three-ring Schiff’s base ligand 
and the lanthanide nitrates all have the stoichiometry [Ln(LH)L2(NO3)]. In 
these complexes, the ligand-to-metal ratio is three as in other Schiff’s base 
complexes: the stoichiometry of the one-ring systems is [Ln(LH)3(NO3)3] 
and that of the two-ring systems is [Ln(LH)2L(NO3)2] or [Ln(LH)3(NO3)3] 
depending on the ligand and the metal-ion. The same stoichiometry is also 
found for the complexes with Cl− as the counter ion: [Ln(LH)L2Cl]. 
Apparently, in the three-ring systems there is only place for one counter ion. 
This is probably due to the influence of a bulky ligand.  
To define the coordination number of discrete [Ln(LH)L2(NO3)]-
complexes, we can assume that there is a difference between the 
zwitterionic three-ring ligand and its deprotonated form (Figure 2.8). So the 
coordination number of Ln in [Ln(LH)L2(NO3)] is 7, based on a bidentate 
nitrate ion. Because of the need of the lanthanide ions to have a high 
coordination number (8-9) we can assume that our complexes are not 
monomeric. Moreover, in a discrete [Ln(LH)L2Cl] complex, the 
coordination number is only 6 and oligomeric structures are probably 
formed. 
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Figure 2.8: Zwitterionic (left) and deprotonated (right) form of the ligand 
2.3.2 Thermal properties 
The Schiff’s base ligand is a liquid crystal itself, displaying a smectic C (SmC) 
and a nematic (N) phase (Cr ⋅ 95 ⋅ SmC ⋅ 135 ⋅ N ⋅ 157 ⋅ I). The mesophases 
were identified by the defect textures observed by polarized hot-stage 
microscopy. Typical for the nematic phase is the Schlieren texture with 2 
and 4 brushes. The marbled texture could also be observed (Figure 2.9). By 
pressing with a needle on the cover glass, a flash-effect was seen. The 
nematic phase separates from the isotropic liquid as droplets.  
 
 
Figure 2.9: Texture of the ligand at 150°C in the nematic phase  
(100x magnification) 
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The texture of the smectic C phase was rather difficult to interpret, because 
of paramorphosis. The smectic C phase could be identified unambiguously 
by the texture change at the SmC ↔ N transition for which a transient 
wormlike texture was observed (Figure 2.10). The viscosity of the smectic C 
phase was quite low. 
 
 
Figure 2.10: Texture of the ligand at 135 °C when SmC ↔ N (200x magnification) 
The transition temperatures of the [Ln(LH)L2(X)]-complexes are 
summarized in Table 2.1.  
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Table 2.1: Mesomorphism of the [Ln(LH)L2(X)]-complexes 
Complex Transition temperatures (°C) 
[La(LH)L2(NO3)] Cr · 94 · SmC · 161 · dec. 
[Pr(LH)L2(NO3)] Cr · 93 · SmC · 159 · dec. 
[Nd(LH)L2(NO3)] Cr · 93 · SmC · 166 · dec. 
[Sm(LH)L2(NO3)].H2O Cr · 93 · SmC · 166 · dec. 
[Eu(LH)L2(NO3)] Cr · 92 · SmC · 158 · dec. 
[Gd(LH)L2(NO3)] Cr · 93 · SmC · 158 · dec. 
[Tb(LH)L2(NO3)].H2O Cr · 90 · SmC · 165 · dec. 
[Dy(LH)L2(NO3)] Cr · 90 · SmC · 162 · dec. 
[Ho(LH)L2(NO3)] Cr · 91 · SmC · 157 · dec. 
[Er(LH)L2(NO3)] Cr · 92 · SmC · 168 · dec. 
[Tm(LH)L2(NO3)].H2O Cr · 90 · SmC · 162 · dec. 
[Yb(LH)L2(NO3)].H2O Cr · 89 · SmC · 158 · dec. 
[Lu(LH)L2(NO3)] Cr · 87 · SmC · 160 · dec. 
[La(LH)L2Cl] Cr · 168 · SmC · 223 · dec. 
[Gd(LH)L2Cl] Cr · 161 · SmC · 217 · dec. 
 
Although the nitrate-complexes have nearly the same melting point as the 
ligand LH, the mesophase behaviour is different in the sense that no 
nematic phase is observed for the lanthanide complexes (only a smectic C 
phase). This can easily be observed by polarized hot-stage microscopy and 
DSC (Figure 2.11). Moreover, these complexes do not show a clearing 
point, but they decompose in the mesophase.  
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Figure 2.11: DSC thermogram of [La(LH)L2(NO3)] 
The chloride-complexes exhibit the same thermal behaviour as the nitrate-
complexes, but they have much higher transition temperatures. Both the 
melting point and the decomposition shift ca. 80 °C when we replace the 
counter ion in these complexes from nitrate in chloride. This result could be 
expected, based on the results of the one-ring systems.12 The reason for the 
high transition temperatures shown by the chloride compounds is probably 
the more ionic nature of these compounds in comparison with the nitrate 
complexes, which have a more covalent character. The higher ionicity of the 
chloride complexes causes a stronger interaction between the molecules and 
hence, increases the transition temperatures. 
In the thermogravimetric curve of [La(LH)L2(NO3)] we can see that at the 
decomposition point, there is no mass decrease. Mass loss can be observed 
by further heating (Figure 2.12). 
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Figure 2.12: Thermogravimetric curve of [La(LH)L2(NO3)] 
It seems that the thermal behaviour is essentially ruled by the Schiff’s base 
ligand, but that the presence of a lanthanide ion promotes smectic 
mesomorphism (by suppressing the nematic phase) due to strong 
electrostatic interactions. 
If we compare the thermal behaviour of our complexes with those using 
two aromatic rings,2 we can see that the transition temperatures are similar 
but in the case of the two-ring systems a SmA phase is formed. The effect 
of the lanthanide is larger because the ligand is smaller. This effect is even 
more pronounced in the complexes of ligands with one aromatic ring.4,5 
Here, a decrease of the mesophase stability range over the lanthanide series 
is seen and moreover, the SmA phase is stable until 100 °C above the 
clearing point.  
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2.4 Conclusion 
Lanthanide complexes of Schiff’s base ligands containing three aromatic 
rings were synthesized. The stoichiometry of the rare-earth complexes is 
[Ln(LH)L2X] with X = NO3− or Cl−. Whereas the ligand exhibits a smectic 
C and a nematic mesophase, only a smectic C mesophase was observed for 
the lanthanide complexes. The metal complexes have a low thermal stability 
and decompose in the mesophase. The mesomorphism is mainly 
determined by the ligand and the lanthanide has only a subtle influence on 
the thermal behaviour (suppression of the nematic phase). The substitution 
of nitrate counter ions for chloride counter ions has been shown to 
drastically increase the transition temperatures over 80 °C. 
Apparently, the extension of the ligand has no positive influence on the 
thermal behaviour of the Schiff’s base complexes. Further research on this 
topic probably will not lead to pioneering results and thus we will blaze a 
new trail. 
2.5 Experimental section 
2.5.1 Equipment 
1H-NMR spectra were recorded on Bruker Avance 300 and Bruker AMX-
400 NMR spectrometers. 
CHN elemental analyses were performed on a CE Instruments EA-1110 
elemental analyser.  
DSC measurements were carried out on a Mettler-Toledo DSC-822e 
module, using a helium flow of 30 mL/min. 
FTIR spectra were recorded on a Bruker IFS-66 spectrometer, using the 
KBr pellet method.  
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Optical textures of the mesophase were observed with an Olympus BX60 
polarised optical microscope equipped with a Linkam THMS 600 hot-stage 
and a Linkam TMS 93 programmable temperature-controller. 
Thermogravimetic analyses were recorded on a Polymer Laboratories-
STA 1000H TG-DTA apparaturs, using a static air atmosphere.  
2.5.2 Synthesis of the three-ring ligand 
Synthesis of 4-hexyloxybenzoic acid (1) 
To a hot solution (80 °C) of 4-hydroxybenzoic acid (27.63 g, 0.2 mol) and 
potassium hydroxide (28.01 g, 0.50 mol) in 800 mL of PEG-200 
(polyethylene glycol, average Mw = 200) was added 1-bromohexane (30.01 g, 
0.20 mol). The reaction mixture was stirred and kept at 80 °C for 4 hours. 
After leaving the mixture to cool to room temperature, 800 mL of water was 
added, and the reaction mixture was acidified by an aqueous HCl solution 
(6 N). The precipitate was filtered on a Büchner funnel and washed with 
water (2 L). The crude acid was dried in vacuo, recrystallized three times from 
absolute ethanol, filtered, washed with ethanol and water, and finally dried in 
vacuo. Yield: 48 % (21.4 g). Elemental analysis calcd for C13H18O3 
(Mw = 222.3): C 70.24 %, H 8.16 %; Found: C 70.38 %, H 8.22 %. IR (KBr, 
cm-1): ν = 1684 (C=O); 1255 (asym. C-O-Ph); 1026 (sym C-O-ph). 1H-
NMR (δH , CDCl3 , 250 MHz): 0.91 (3H, t, CH3), 1.34 (6H, m, CH2), 1.81 
(2H, quintet, CH2CH2O), 4.02 (2H, t, CH2O), 6.95 (2H, d, H-aryl, 
Jo = 9 Hz), 8.04 (2H, d, H-aryl, Jo = 9 Hz).  
Transition temperatures (°C): CrI ⋅ 73 ⋅ CrII ⋅ 106 ⋅ N ⋅ 149 ⋅ I. 
Synthesis of 4-[(benzyloxy)carbonyl]phenyl 4’-(hexyloxy)benzoate (2) 
To a mixture of benzyl-4-hydroxybenzoate (20.55 g, 90 mmol), DCC 
(= N,N’-dicyclohexyl carbodiimide) (20.44 g, 99 mmol) in 900 mL of 
dichloromethane was added 1 (20.00 g, 40 mmol) and DMAP 
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(= 4-(N,N-dimethylamino)pyridine) (1.14 g, 9 mmol). The solution was 
stirred at room temperature for a period of 24 hours. The precipitated 
N,N’-dicyclohexylurea was filtered off and washed with dichloromethane. 
The filtrate was washed with a saturated NaHCO3 solution (2 × 400 mL) 
and water (2 × 400 mL). The aqueous layers ware back-extracted with 
dichloromethane (200 mL). The combined organic layers were dried over 
MgSO4 and the solvent was removed using a rotavap. The crude compound 
was purified by column chromatography (silica, with dichloromethane as the 
eluants), and by crystallization from ethanol. Yield: 78 % (30.24 g). 
Elemental analysis calcd for C27H28O5 (Mw = 432.5): C 74.98 %, H 6.53 %; 
Found: C 74.87 %, H 6.68 %. IR (KBr, cm-1): ν = 1732 (C=O); 1718 
(C=O); 1255 (asym C-O-Ph); 1065 (sym C-O-Ph). 1H-NMR (δH , CDCl3 , 
250 MHz): 0.92 (3H, t, CH3), 1.35 (6H, m, CH2), 1.80 (2H, m, CH2CH2O), 
4.04 (2H, t, CH2O), 5.37 (2H, s, benzyl-CH2), 6.96 (2H, d, H-aryl), 7.28 (2H, 
d, H-aryl), 7.32-7.55 (5H, m, H-aryl), 8.14 (4H, m, H-aryl). M.p. = 59 °C. 
Synthesis of 4-[(4’-Hexyloxybenzoyl)oxy]benzoic acid (3) 
To a solution of 2 (20.02 g, 46 mmol) in 300 mL of THF is added a spatula 
point of a Pd/C catalyst (10 % wet Degussa Pd/C catalyst) and the solution 
was stirred in a hydrogen atmosphere (atmospheric pressure) until the 
consumption of hydrogen gas ceased. The catalyst was removed by filtering 
the solution through a layer of Celite and the residue on the filter was 
washed with 50 mL of THF. The solvent of the filtrate was removed on a 
rotavap and the crude product was crystallized from ethanol. Yield: 91 % 
(14.43 g). Elemental analysis calcd for C20H22O5 (Mw = 342.4): C 70.16 %, 
H 6.48 %; Found: C 70.23 %, H 6.53 %. IR (KBr, cm-1): ν = 1734 (C=O); 
1689 (C=O); 1261 (asym C-O-Ph); 1070 (sym C-O-Ph). 1H-NMR (δH , 
CDCl3 , 250 MHz): 0.92 (3H, t, CH3), 1.23 (6H, m, CH2), 1.36 (2H, m, 
CH2CH2O), 4.05 (2H, t, CH2O), 7.00 (2H, d, Jo = 8.5 Hz, H-aryl), 7.33 (2H, 
d, Jo = 9 Hz, H-aryl), 8.20 (4H, m, H-aryl).  
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Transition temperatures (°C): Cr ⋅ 167 ⋅ N ⋅ 244 ⋅ I. 
Synthesis of 4-[(4’-Formyl-3-hydroxyphenoxy)carbonyl]phenyl 
4-hexyloxybenzoate (4) 
To a solution of 2,4-dihydroxybenzaldehyde (4.17 g, 30 mmol) and DCC 
(= N,N’-dicyclohexylcarbodiimide) (6.88 g, 33 mmol) in 300 mL of 
dichloromethane was added 3 (10.28 g, 30 mmol) and DMAP 
(= 4-(N,N-dimethylamino)pyridine) (0.37 g, 3 mmol). The mixture was 
stirred at room temperature for a period of 24 hours. The precipitated 
N,N’-dicyclohexylurea was filtered and washed with dichloromethane. The 
filtrate was washed with a sat’d NaHCO3 solution (2 × 200 mL) and H2O 
(2 × 200 mL). The aqueous layers were back-extracted with 
dichloromethane (100 mL). The combined organic layers were dried over 
anhydrous MgSO4, and the solvent was removed on a rotavap. The crude 
aldehyde was purified by column chromatography (on silica, with 
dichloromethane as the eluants), and additionally by crystallization from 
ethanol. Yield: 81 % (11.18 g). Elemental analysis calcd for C27H26O7 
(Mw = 462.5): C 70.12 %, H 5.67 %. Found: C 70.04 %, H 5.78 %. IR (KBr, 
cm-1): ν = 1739 (C=O); 1664 (C=O); 1317 (Ph-OH); 1261 (asym C-O-Ph); 
1059 (sym C-O-Ph). 1H-NMR (δH , CDCl3 , 250 MHz): 0.92 (3H, t, CH3), 
1.35 (6H, m, CH2), 1.57 (2H, m, CH2CH2O), 4.06 (2H, t, CH2O), 6.90 (1H, 
s, H-aryl), 6.95 (1H, d, H-aryl), 6.98 (2H, d, H-aryl), 7.38 (2H, d, H-aryl), 
8.14 (2H, d, H-aryl), 8.26 (2H, d, H-aryl), 9.90 (1H, s, CH=O), 11.27 (1H, s, 
OH). M.p.: 137 °C. 
Synthesis of 4-({3-Hydroxy-4-[(octadecylimino)methyl] 
phenoxy}carbonyl)phenyl 4-(hexyloxy)benzoate (5) 
To solution of 4 (4.63 g, 10 mmol) in 500 mL of toluene was added 
1-octadecylamine (2.70 g, 10 mmol) and 5 drops of glacial acetic acid (as the 
catalyst). The mixture was heated during 3 hours at reflux and water formed 
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by the reaction was removed azeotropically (Dean-Stark trap). After leaving 
to cool to room temperature, the solvent was removed at reduced pressure. 
The crude Schiff’s base was purified by crystallization form ethanol. Yield: 
90 % (6.45 g). Elemental analysis calcd for C45H63O6N (Mw = 700.0): 
C 75.70 %, H 8.89 %, N 1.96 %. Found: C 75.45 %, H 8.95 %, N 1.89 %. 
IR (KBr, cm-1): ν = 1732 (C=O); 1603 (C=N-); 1315 (Ph-OH); 1257 (asym 
C-O-Ph); 1059 (sym C-O-Ph). 1H-NMR (δH , CDCl3 , 250 MHz): 0.90 (6H, 
t, CH3); 1.26 (36H, m, CH2), 1.70 (2H, m, NCH2CH2), 1.82 (2H, m, 
CH2CH2O), 3.58 (2H, t, NCH2), 4.05 (2H, t, CH2O), 6.71 (1H, d, H-aryl), 
6.91 (1H, s, H-aryl), 6.96 (2H, d, H-aryl), 7.32 (2H, d, H-aryl), 7.38 (1H, d, 
H-aryl), 8.13 (2H, d, H-aryl), 8.25 (2H, d, H-aryl), 8.34 (1H, s, HC=N), 
14.12 (1H, s, OH). MS (EI, m/e, %): 713 (M+°, 4 %); 205 (C6H13OC6H4O+, 
100 %). Transition temperatures (°C): Cr ⋅ 95 ⋅ SmC ⋅ 134 ⋅ N ⋅ 157 ⋅ I. 
2.5.3 Synthesis of the complexes 
The synthesis of the complexes is described for the [La(LH)L2X]-complex 
as an example. All the other complexes are synthesized according to the 
same procedure. 
Synthesis of LaIII NO3-complex 
To a hot solution (50 °C) of 5 (250 mg, 0.35 mmol) in methanol was added 
dropswise a solution of La(NO3)3⋅6H2O (152 mg, 0.35 mmol). The reaction 
mixture was stirred for 3 hours at 50 °C. After leaving the solution to cool 
to room temperature, the precipitate was filtered, washed with cold, 
absolute ethanol and dried in vacuo. Yield: 89 % (244 mg). Elemental analysis 
calcd for C135H187O21N4La (Mw = 2340.8): C 69.27 %, H 8.05 %, N 2.39 %. 
Found: C 69.20 %, H 8.22 %, N 2.59 %. IR (KBr, cm-1): ν = 1734 (C=O); 
1604 (C=N); 1469 (υ1 NO3-); 1314 (Ph-OH); 1257 (asym C-O-Ph); 1059 
(sym C-O-Ph); 1015 (υ3 NO3-); 762 (υ4 NO3-).  
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The elemental analysis results of the complexes with the other lanthanide 
nitrates are summarized in Table 2.2. Since all the IR spectra are the same, 
these results are not shown. 
Table 2.2: Elemental analysis results of the [Ln(LH)L2(NO3)]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[La(LH)L2(NO3)] 89 69.27 (69.20) 8.05 (8.22) 2.39 (2.59) 
[Pr(LH)L2(NO3)] 91 69.21 (69.79) 8.05 (8.43) 2.39 (2.81) 
[Nd(LH)L2(NO3)] 87 69.11 (69.21) 8.03 (8.22) 2.39 (2.68) 
[Sm(LH)L2(NO3)].H2O 85 68.41 (68.42) 8.04 (8.25) 2.36 (2.83) 
[Eu(LH)L2(NO3)] 91 68.88 (68.54) 8.01 (8.29) 2.38 (2.96) 
[Gd(LH)L2(NO3)] 93 68.73 (68.46) 7.99 (8.29) 2.37 (2.98) 
[Tb(LH)L2(NO3)].H2O 88 68.16 (68.01) 8.01 (8.29) 2.36 (2.83) 
[Dy(LH)L2(NO3)] 79 68.58 (68.29) 7.97 (8.24) 2.37 (2.70) 
[Ho(LH)L2(NO3)] 89 68.51 (68.42) 7.96 (8.22) 2.51 (2.90) 
[Er(LH)L2(NO3)] 91 68.44 (68.70) 7.96 (8.32) 2.36 (2.70) 
[Tm(LH)L2(NO3)].H2O 80 67.87 (67.83) 7.97 (8.15) 2.35 (2.73) 
[Yb(LH)L2(NO3)].H2O 86 67.76 (67.76) 7.96 (7.81) 2.34 (2.77) 
[Lu(LH)L2(NO3)] 74 68.22 (68.64) 7.93 (8.24) 2.36 (2.53) 
Synthesis of LaIII Cl-complex 
To a hot solution (50 °C) of 5 (250 mg, 0.35 mmol) in methanol was added 
dropswise a solution of LaCl3⋅7H2O (130 mg, 0.35 mmol). The reaction 
mixture was stirred for 3 hours at 50 °C. After leaving the solution to cool 
to room temperature, the precipitate was filtered, washed with cold, 
absolute ethanol and dried in vacuo. Yield: 75 % (202 mg). Elemental analysis 
calcd for C135H187O21N3ClLa (Mw = 2314.3): C 70.06 %, H 8.14 %, N 
1.82 %. Found: C 69.99 %, H 8.42 %, N 1.92 %. IR (KBr, cm-1): ν = 1734 
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(C=O); 1604 (C=N); 1314 (Ph-OH); 1257 (asym C-O-Ph); 1061 (sym C-O-
Ph).  
The elemental analysis results of the complexes with the other lanthanide 
chlorides are summarized in Table 2.3. Since all the IR spectra are the same, 
these results are not shown. 
Table 2.3: Elemental analysis results of the [Ln(LH)L2Cl]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[La(LH)L2Cl] 75  70.06 (69.99) 8.14 (8.42) 1.82 (1.92) 
[Gd(LH)L2Cl] 61  69.51 (69.52) 8.08 (8.64) 1.80 (1.90) 
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Chapter 3  
ADDUCTS OF LN(DBM)3 WITH SCHIFF’S BASES 
3.1 Introduction 
β-diketones are well-know as ligands for metallomesogens. Depending on 
the metal ion used, different geometric shapes are obtained. At first, metal 
ions that form square planar complexes (Cu2+, Ni2+, Pd2+, Pt2+) with 
coordination number (CN) 4 were incorporated into β-diketone ligands. 
Square planar β-diketonatocopper(II) complexes exhibit either calamitic or 
discotic mesomorphism depending on subtle differences in the molecular 
structure. The first examples of CuII β-diketonates (Figure 3.1) described as 
liquid-crystalline1 show a highly organized mesophase, as indicated by the 
large clearing molar enthalpies (25-36 kJ mol-1).  
The transition temperatures are Cr ⋅ 85.5 ⋅ DL ⋅ 128.5 ⋅ I. 
OO
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Figure 3.1: First example of a mesomorphic bis(β-diketonato)copper(II) complex 
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On the basis of preliminary X-ray studies,2 it was proposed that this phase is 
lamellar. Despite the tilted and layered structure, this phase was found to be 
immiscible with the smectic C phase of standard material, and therefore it 
was thought to be a new type of mesophase, for which the symbol DL was 
proposed. However, whether this phase is a true liquid crystal or a 
crystalline phase remains unclear. Since, an empirical fact3 states that six or 
more substituents are usually needed to obtain columnar mesophases, it is 
generally assumed that a true mesomorphic DL phase does not exist.  
A new approach was tried in which each benzene ring was substituted with 
two alkoxy chains, thus giving a total number of eight substituents in the 
complex molecule. The copper complexes, where the substituents (OC8H17) 
are in the 3- and 4-positions, show disordered hexagonal discotic 
mesophases.4 These complexes were subject for further research with 
different metal ions and substituents. 
At that time, it was thought that only classes of coordination compounds 
that mimic the classical organic rod-shaped liquid crystals would exhibit 
mesomorphism. Later studies illustrated the possibility to include octahedral 
metal centers (Fe3+, Mn2+ and Cr3+) with coordination number 6 into liquid 
crystals. Giroud-Godquin et al.5 prepared an octahedral FeIII complex with 
β-diketonate ligands (Figure 3.2) with one alkoxy chain on each phenyl ring.  
Fe
O
O
OR
OR
3 
Figure 3.2: Octahedral tris(β-diketonato)iron(III) complex 
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Although initially it was thought that these complexes exhibit mesophases, 
further research showed that this was not the case. The complex melts at 
85 °C into an isotropic liquid. In 1994 Zheng and Swager6 succeeded to 
synthesize octahedral liquid-crystalline Fe(III) complexes by adding two 
more alkoxy chains for each phenyl ring in the β-diketone ligand (Figure 
3.3).  
3
Fe
O
O
OC12H25
OC12H25
H25C12O
OC12H25
OC12H25
H25C12O
 
Figure 3.3: Octahedral liquid-crystalline tris(β-diketonato)iron(III) complex 
The complex is liquid-crystalline at room temperature, and the mesophase 
was identified as a disordered hexagonal columnar mesophase. It clears at 
70 °C into an isotropic liquid. The mesophase is not miscible in contact 
preparations between this complex and the square planar 
bis(β-diketonato)copper(II) complex derived form the same ligand. The lack 
of miscibility is probably caused by the very different molecular shape, 
which produces a different packing arrangement within the columns. 
Therefore, a new name octahedral hexagonal mesophase (Oh) was proposed 
by the authors for the columnar mesophases of these non-disk-like 
complexes. 
The trivalent lanthanide ions can also form tris(β-diketonato) complexes. 
But, at the start of this research, all attempts to synthesize liquid-crystalline 
lanthanide complexes with these ligands failed. The main reason is that the 
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commonly used synthetic routes to β-diketonate lanthanide complexes do 
not work for these bulky β-diketone ligands, mainly due to solubility 
problems (the solvents in which the ligand are soluble do not dissolve the 
lanthanide precursor salts). However, very recently, Galyametdinov et al.7 
published a communication about the first examples of liquid-crystalline 
lanthanide complexes in which the mesomorphism is introduced via the 
β-diketonate ligand. 
We tried a new synthetic route based on a two-phase system.8 The 
lanthanide salt was dissolved in water and the ligand in chloroform and 
added thereto. The pH was checked and adjusted (if necessary) by addition 
of HCl or ammonia to from 4 to 6. The mixture was stirred and gently 
heated to 40 °C for 24 hours. The formed complex was extracted from the 
mixture in the chloroform layer, and by evaporation of the solvent the metal 
complex was obtained as a crystalline solid. First we tried this method on 
the simple β-diketone dibenzoylmethane (dbm) before synthesizing the 
bulky ligand. But we never came to the latter.  
If we synthesize the complex with a lanthanide : β-diketone ratio of 1 : 3, 
the formed Ln(β-diketonato)3 complex has a coordination number of 6, 
which is too low for saturation of the first coordination sphere of a trivalent 
lanthanide ion. These complexes can expand their coordination sphere by 
adduct formation with neutral molecules. Because the trivalent lanthanide 
ions are hard Lewis acids, hard Lewis bases are preferred for adduct 
formation. Most of the molecules, which bind to lanthanide ions are oxygen 
donors and, to a lesser extent, nitrogen donors. Water is a very common 
ligand for adduct formation, and when the tris(β-diketonato)lanthanide(III) 
complexes are prepared in aqueous solution, they are most often obtained as 
dihydrates. This leads to a coordination number of 8 and the coordination 
sphere will be saturated. However, ligands with oxygen and nitrogen donors 
can replace water in the first coordination sphere. This inspired us to 
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synthesize adducts of Ln(dbm)3.xH2O with the ‘famous’ one-ring Schiff’s 
base 2-hydroxy-N-alkyl-4-alkoxybenzaldimine.9,10 In this chapter, adducts of 
Ln(β-diketonato)3 with Schiff’s bases as Lewis bases are described and their 
structure and thermal properties are studied. 
To avoid the long UPAC names to designate the compounds, abbreviations 
for the β-diketone and the ligands are used and are summarized in Table 
3.1.  
Table 3.1: Abbreviations of the used β-diketone and ligands 
Molecule Abbreviation 
O O
 
(Hdbm) 
OH
H2x+1CxO
NCyH2y+1
 
(CX,Cy) 
 
E.g. [La(dbm)3(C14,C18)2] is a lanthanum complex with three 
dibenzoylmethanato ligands and two Schiff’s base ligands with alkoxy chain 
length 14 and N-alkyl chain length 18. This complex will be taken as an 
example to describe the structure and thermal properties of these types of 
compounds. To investigate the influence of the lanthanide ion, 
[Ln(dbm)3(C14,C18)n] are synthesized where Ln goes from La to Lu (with 
exception of Ce and Pm). The influence of the chain length is demonstrated 
by the series [La(dbm)3(Cx,C18)2], where the alkoxy chain length is varied.  
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3.2 Synthesis 
3.2.1 Synthesis of the Schiff’s base ligand 
The synthetic path towards the Schiff’s base ligand exists of only two steps 
and is illustrated in Scheme 3.1. 
RO
OH
N R'
HO
OH
O
RO
OH
O
1
step 1
step 21
 
Scheme 3.1: Synthesis of Schiff’s base ligand (Cx,Cy).  
Experimental conditions: (step 1) KHCO3, RBr, DMF, reflux, 4 h;  
(step 2) R’NH2, toluene, acetic acid (cat.), reflux, 3 h 
Step 1: 
Two hydroxyl groups are potential targets for this electrophilic substitution 
reaction. Therefore, it is recommended to use equimolar amounts of alkyl 
bromide. Since the hydroxyl group in ortho of the aldehyde group is 
protected by a hydrogen bond, a selective reaction at the hydroxyl group in 
para of this aldehyde group occurs, provided that we use a weak base (e.g. 
KHCO3). This reaction can be carried out in acetone11 over 24 h, but we use 
DMF, which has a higher boiling point, to reduce the reaction time.12 
Step 2: 
This second step in the ligand synthesis, the imine formation, was already 
described in Chapter 2 (step 5). 
− Chapter 3 − 
 
 65
3.2.2 Synthesis of the β-diktone complexes 
The synthesis of the β-diketone complex is illustrated in Figure 3.4.  
O O
LnCl3.xH2O + 3 3 NaOH
3
Ln
O
O
 
Figure 3.4: Synthesis of the β-diketone complexes 
The strong base NaOH will deprotonate the β-diketone, which will become 
negatively charged. The trivalent positive lanthanide ion will react with three 
β-diketonato ligands, and a Ln(β-diketonato)3 complex is formed. 
3.2.3 Synthesis of the adducts 
Adducts were obtained by stirring an ethanolic solution of the Schiff’s base 
with an ethanolic solution of the [Ln(dbm)3]-complex. The reaction scheme 
is depicted in Figure 3.5. 
+
3
Ln
O
O
RO
NR'
OH
N
H
O
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R'
n 3
n Ln
O
O
 
Figure 3.5: Synthesis of the [Ln(dbm)3(Cx,Cy)n] adducts 
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3.3 Structure of the compounds 
The first indication of the stoichiometry of a new synthesized complex are 
the CHN results. In this case, CHN reveals that the coordination number of 
LaIII in [La(dbm)3(C14,C18)2] is eight, with the two Schiff’s base ligands 
binding in a monodentate fashion (Figure 3.6). 
N
C18H37
H
O
OC14H29
La
O
O
2 3  
Figure 3.6: Schematic structure of [La(dbm)3(C14,C18)2] 
CHN results give us an indication that this stoichiometry with two Schiff’s 
base ligands is only valid for Ln ≤ Er. The heavier, but smaller lanthanides 
(Ln = Tm, Yb and Lu) bind only one ligand, probably due to the size of the 
central metal ion.  
This structural change of the [Ln(dbm)3(C14,C18)n] complexes is confirmed 
by IR measurements (Table 3.2) which show that the stretching vibration of 
C=N is around 1650 cm-1 for Ln ≤ Er, and around 1604 cm-1 for Ln > Er. 
By complexation only the C=N stretching vibration of the (C14,C18) ligand 
changes from 1630 cm-1. The C=O stretching vibration of the La(dbm)3 
complex hardly change. 
The stoichiometry of the [La(dbm)3(Cx,C18)2]-complexes is the same for 
each alkoxy chain length. This is proved with CHN results and IR 
measurements for which each compound has the same stretching vibration 
of C=N and C=O. 
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Table 3.2: IR results of the [Ln(dbm)3(C14,C18)n]-complexes 
 IR (KBr) cm-1 
Complex ν (C=N) ν (C=O) 
[La(dbm)3(C14,C18)2]  1653 1552 
[Pr(dbm)3(C14,C18)2].1H2O  1647 1552 
[Nd(dbm)3(C14,C18)2].2H2O  1647 1552 
[Sm(dbm)3(C14,C18)2].1H2O  1647 1554 
[Eu(dbm)3(C14,C18)2]  1647 1554 
[Gd(dbm)3(C14,C18)2].2H2O  1649 1554 
[Tb(dbm)3(C14,C18)2]  1649 1554 
[Dy(dbm)3(C14,C18)2].1H2O  1649 1554 
[Ho(dbm)3(C14,C18)2]  1649 1551 
[Er(dbm)3(C14,C18)2].1H2O  1649 1554 
[Tm(dbm)3(C14,C18)].2H2O  1604 1554 
[Yb(dbm)3(C14,C18)]  1604 1554 
[Lu(dbm)3(C14,C18)]  1606 1554 
 
The X-ray single-crystal structure was determined for [La(dbm)3(C1,C4)2]. 
This complex had short alkyl chains but it is supposed that the coordination 
sphere is unaltered by increasing the chain lengths. The coordination 
polyhedron of the LaIII ion can be described as a distorted bicapped trigonal 
prism. The LaIII ion is coordinated by three bidentate dbm molecules, while 
the two neutral Schiff’s base ligands coordinate in a monodentate fashion 
via the phenolic oxygen only. The nitrogen atom of the Schiff’s base 
remains noncoordinated. The nearest environment of the lanthanum atom 
consists of two oxygen atoms of the neutral Schiff’s base ligands and six 
oxygen atoms of the dbm molecules (Figure 3.7). In this way the lanthanum 
atom is in an eight-coordinate environment. 
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Figure 3.7: Molecular structure of [La(dbm)3(C1,C4)2] 
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The crystal data, intensity measurements, and structure refinement for 
[La(dbm)3(C1,C4)2] is summarized in Table 3.3. 
Table 3.3: Summary of crystal data, intensity measurements, and structure 
refinement for [La(dbm)3(C1,C4)2] 
 [La(dbm)3(C1,C4)2] 
formula C69H67N2O10La 
mol wt 1223.16 
cryst syst Triclinic 
space group 1P  
a, Å 10.9860(5) 
b, Å 15.4480(8) 
c, Å 19.1880(9) 
α, deg 108.840(3) 
β, deg 94.240(3) 
γ, deg 103.960(4) 
V, Å-3 2949.8(3) 
Z 2 
Dcalc, g.cm-3 1.377 
F(000) 1264 
µMo κα, mm-1 0.786 
reflns measd 34983 
θ range (deg) 2.6 < θ < 26.4 
no. of unique reflcns 11756 
no. of reflcns obsda 10049 
no. of variables 744 
R 0.0515 
a I > 2σ(I)  
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A special feature of the crystal structure, already described in previous 
papers of Schiff’s base complexes with lanthanides,13,14 is that the Schiff’s 
bases coordinate as neutral ligands to the lanthanum atom. However, the 
oxygen atoms of the OH group are deprotonated and the hydrogen atoms 
have moved to the nitrogen atom. In this way, a zwitterionic structure is 
formed (negative charge on the oxygen atom, positive charge on the imine 
nitrogen atom). Intramolecular H-bonds N-H⋅⋅⋅O appear between the 
protonated nitrogen and the deprotonated oxygen atoms (average N-H⋅⋅⋅O 
distance = 1.989(8) Å). One hydrogen (on N63) forms a second but longer 
H-bond with an oxygen atom (O23) of a dibenzoylmethanato ligand 
(N-H⋅⋅⋅O distance 2.429(5) Å). The dihedral angle between the phenyl rings 
of the two Schiff’s base ligands is 87.2(2)°, so the phenyl rings are placed 
nearly perpendicular to each other. Both butyl chains of the Schiff’s bases 
are in the all-trans conformation. The dibenzoylmethanato ligands are 
considerably distorted: the maximum dihedral angle observed between two 
phenyl planes of this ligand is 24.0(2)°. A slight stacking of phenyl rings is 
noticed in the packing: the shortest ring⋅⋅⋅ring distance (3.948(3) Å) is found 
between ring C41-C46 and ring C47-C52 of a symmetry-related complex 
generated by [1-x, 1-y, 1-z]. A void of 100 A3 at position (0, ½, ½) contains 
diffuse solvent.  
Another method to examine the structure of the adducts is one- and 
two-dimensional proton NMR. The 1H-NMR spectrum of 
[La(dbm)3(C14,C18)2] is complicated and therefore the 1H-NMR spectra of 
the ligands dbm and (C14,C18) and of the [La(dbm)3] complex are studied 
first. The proton resonances of the free ligands are sharp and show the 
expected splitting, with the exception of the phenolic proton resonance of 
(C14,C18), which is extremely weak and broad, due to its fast exchange with 
the solvent. The dbm proton resonances were also very broad in the parent 
[La(dbm)3] complex, implying either the presence of different conformers in 
the solution which undergo dynamic exchange, or the presence of two 
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different modes of dbm binding to the LaIII ion. The 1H-NMR spectrum of  
[La(dbm)3(C14,C18)2] at room temperature showed that the proton 
resonances of the dbm ligand also appeared as broad humps, while the 
proton resonances of the (C14,C18) in the [La(dbm)3(C14,C18)2] appeared as 
well resolved peaks. 
Variable temperature 1H-NMR spectra of both [La(dbm)3] and 
[La(dbm)3(C14,C18)2] complexes were measured in order to investigate the 
dynamic process which led to the broadening of the dbm resonances. The 
Figure 3.8 shows the 1H-NMR spectra of [La(dbm)3] at four different 
temperatures. 
 313 K
298 K
278 K
258 K
8.4 
(ppm)
8.0 7.6 7.2 6.8
 
Figure 3.8: 1H-NMR spectra of  [La(dbm)3] at different temperatures 
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When the temperature was lowered to 258 K, two resolved sets of dbm 
peaks could be detected. The larger set of peaks (black triangles), at 6.85, 
7.42, and 7.92 ppm, was assigned to the free dbm ligand, which was 
confirmed by independently recording the 1H-NMR spectrum of the free 
dbm ligand at the same temperature. Clearly, at low temperatures the 
dissociation of the [La(dbm)3] takes place, and at 258 K, almost 95 % of the 
complex has been dissociated. However, in the [La(dbm)3(C14,C18)2] 
complex, dissociation of the dbm ligand at low temperatures occurs at a 
much smaller extent, and at 258 K, only about 10 % of the dbm ligand has 
been dissociated from the LaIII ion.  
 
298 K
258 K 
278 K 
313 K 
8.6 8.2 7.8 7.4 7.0 6.6 6.2 5.8
(ppm)  
Figure 3.9: 1H-NMR spectra of [La(dbm)3(C14,C18)2] at different temperatures  
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The black squares in Figure 3.9 represent the peaks of the dbm ligand 
coordinated to the LaIII ion. The white circles correspond to the peaks of 
the coordinated (C14,C18) ligand. It is likely that the adduct formation with 
the (C14,C18) ligand stabilizes the binding of dbm to the central lanthanum 
ion. 
Another proof that the adduct has been preserved in the solution, was the 
detection of a change in chemical shift of the complexated (C14,C18) ligand 
to the free (C14,C18) ligand. E.g. the imine proton in the free ligand has a 
chemical shift δ = 8.08 ppm, while in the adduct δ = 7.85 ppm. The 
integration of all 1H-NMR resonances confirms that in the solution, the 
adduct has the same formula [La(dbm)3(C14,C18)2] as in the solid state. 
The solid state structure of the [La(dbm)3(C1,C4)2] complex reveals presence 
of the intramolecular  hydrogen bonding in the ligand (C1,C4). This 
hydrogen bonding, which occurs between the phenolic oxygen and the 
protonated imino nitrogen, was also confirmed in the solution. A strong, 
broad peak at 13.3 ppm, which occurs upon complexation of (C14,C18) to 
LaIII, is a clear indication of the hydrogen bonding. Although the solid state 
structure of [La(dbm)3(C14,C18)2] suggests that the (C14,C18) ligand binds  in 
zwitterionic form, the two-dimensional 1H-NMR correlation spectroscopy 
(COSY), which was successfully used to confirm the presence of the 
zwitterionic form of the (C14,C18) ligand in related [Ln(C14,C18)3Cl3] 
complexes, gave no evidence that in the solution the phenolic proton has 
been completely transferred to the imino nitrogen. The absence of coupling 
between the proton at 13.3 ppm and either the CH=N or N-CH2 protons 
suggest that two extreme forms shown in Figure 3.10 are in fast exchange: 
one in which proton is bound to phenolic oxygen, and the other in which 
this proton has been completely transferred to imino nitrogen. 
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Figure 3.10: Fast exchange between (C14,C18) and its zwitterionic form 
Due to this exchange process which takes place in the solution of the 
complex, the N-CH2 proton appear as a broad peak (W ½ = 31 Hz). Even at 
258 K this exchange was too fast on the NMR time scale, for the two 
extreme forms to be distinguished by 2D COSY NMR spectroscopy. 
3.4 Thermal properties 
The thermal behaviour of the complexes [Ln(dbm)3(Cx,C18)n] was 
investigated by polarising optical microscopy (POM), differential scanning 
calorimetry (DSC) and high-temperature X-ray diffraction in a time-resolved 
mode. The complex [La(dbm)3(C14,C18)2] will be described as an example to 
illustrate how one can deduce the type of mesophase from these techniques.  
It should be noticed that neither (C14,C18) or [La(dbm)3] are mesomorphic: 
the melting point of (C14,C18) is 73 °C and [La(dbm)3] decomposes when 
heated in air. [La(dbm)3(C14,C18)2] melts at 95 °C to an isotropic liquid, 
without forming a mesophase. On cooling a monotropic mesophase was 
formed at 79 °C. The mesophase was identified as a smectic A phase (SmA) 
by the texture observed under the polarizing microscopy. When cooling the 
isotropic liquid, bâtonnets formed at the clearing point (Figure 3.11) and 
they coalesced to the typical focal-conic texture (fan texture). It was also 
possible to observe regions with homeotropic alignment.  
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Figure 3.11 : The formation of the SmA mesophase of [La(dbm)3(C14,C18)2] 
(200x magnification) 
When the SmA phase was heated, clearing was observed at 81 °C. The 
rather low viscosity of the mesophase gives indication that a real mesophase 
is present. The mesophase ordering could be frozen into a glassy state. By 
cooling the mesophase, the viscosity gradually increased and finally a solid 
was obtained. The glassy mesophase had the same optical texture as the 
fluid mesophase. With high cooling rates (we used cooling rates up to 
100 °C min-1) it was possible to obtain a glass without crystallites.  
Upon heating the glass, the mesophase was reobtained above 75 °C and the 
compound cleared at 81 °C. However, when the compound was kept at a 
constant temperature in the mesophase or when the compound was slowly 
cooled, the clearing process was not be complete at 81 °C. Some 
birefringent regions appeared which only cleared at 95 °C (i.e. at the melting 
point of the crystalline compound). These birefringent regions were thus 
crystallites (Figure 3.12).  
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Figure 3.12 : Texture observed by POM of [La(dbm)3(C14,C18)2] at 90°C 
(200x magnification) 
Now, we can also explain the DSC graph given below (Figure 3.13).  
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Figure 3.13: DSC graph of [La(dbm)3(C14,C18)2] 
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In the first heating run, the compound melts at 95 °C. Upon cooling an 
exothermic peak appears at 79 °C, which can be attributed to the formation 
of the SmA mesophase. This is probably true, because in the following 
heating run the onset of the first endothermic peak corresponds to the 
onset of this peak. In the second heating run, there’s a broad exothermic 
peak, which may corresponds to crystallization. These crystals will melt at 
95 °C. This explains the second endothermic peak in the second heating 
run. 
The melting enthalpy of [La(dbm)3(C14,C18)2] is 104 kJ mol-1 (DSC, first 
heating run) and the clearing enthalpy is –13.8 kJ mol-1 (DSC, first cooling 
run). The value of the clearing enthalpy is comparable to the values found 
for lanthanide-containing Schiff’s base complexes exhibiting enantiotropic 
mesomorphism.13,14 
The existence of a lamellar mesophase is confirmed by time-resolved 
high-temperature synchrotron X-ray diffraction (temperature range: 
80 °C-25 °C). The d-spacing values of the sharp Bragg reflections in the 
small-angle region are in the ratio 1 : 1/2 : 1/3…1/n. These diffraction 
peaks correspond to the successive (00l ) reflections, and indicate the 
presence of a lamellar structure. In most of the measurements only the first 
order peak and a very weak second order peak is observable. Higher orders 
can be detected after longer measuring times. The d-spacing does not show 
pronounced temperature dependence. The broad reflection in the 
wide-angle region (at d = 4.6 Å) shows that the alkyl chains are in a molten 
state. These results support identification of the mesophase as a smectic A 
phase. The d-spacing (ca. 27.0 Å) is much smaller than the calculated length 
of the Schiff’s base ligand in the fully extended (all-trans) conformation (ca. 
45 Å). The most probably explanation is an interdigitation of the alkyl 
chains of molecules situated in adjacent smectic layers. This behaviour can 
be understood by the fact that this is an efficient way of space filling. No 
major changes are seen in the X-ray diffractograms when the sample is 
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cooled to room temperature. This is an indication that the mesophase order 
is frozen into a glassy state. X-ray diffractograms of [La(dbm)3(C14,C18)2] at 
different temperatures are shown in Figure 3.14. 
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Figure 3.14: X-ray diffractograms for [La(dbm)3(C14,C18)2] at different 
temperatures [A = isotropic liquid (100 °C), B = mesophase (78 °C), 
C = room temperature (25 °C)] 
Liquid-crystallinity was also observed for other [Ln(dbm)3(Cx,Cy)n] 
compounds. The thermal properties were influenced by the lanthanide ion 
and the alkoxy chain length of the ligands. 
3.4.1 Influence of the lanthanide ion 
We prepared adducts of Ln(dbm)3 with the Schiff’s base (C14,C18) for the 
whole lanthanide series (except Ce and Pm). Their mesomorphic behaviour 
is summarized in Table 3.4 an illustrated in Figure 3.15.  
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Table 3.4: Mesomorphism of the [Ln(dbm)3(C14,C18)n]-complexes 
Complex Transition temperatures (°C) 
[La(dbm)3(C14,C18)2]  Cr ⋅ 95 ⋅ (SmA ⋅ 81) ⋅ I 
[Pr(dbm)3(C14,C18)2]  Cr ⋅ 94 ⋅ (SmA ⋅ 75) ⋅ I 
[Nd(dbm)3(C14,C18)2].1.5H2O  Cr ⋅ 93 ⋅ (SmA ⋅ 71) ⋅ I 
[Sm(dbm)3(C14,C18)2].1.5H2O  Cr ⋅ 93 ⋅ (SmA ⋅ 64) ⋅ I 
[Eu(dbm)3(C14,C18)2].H2O  Cr ⋅ 90 ⋅ (SmA ⋅ 60) ⋅ I 
[Gd(dbm)3(C14,C18)2].H2O  Cr ⋅ 86 ⋅ I 
[Tb(dbm)3(C14,C18)2].H2O  Cr ⋅ 80 ⋅ I 
[Dy(dbm)3(C14,C18)2].H2O  Cr ⋅ 74 ⋅ I 
[Ho(dbm)3(C14,C18)2].H2O  Cr ⋅ 72 ⋅ I 
[Er(dbm)3(C14,C18)2].1.5H2O  Cr ⋅ 67 ⋅ I 
[Tm(dbm)3(C14,C18)].1.5H2O  Cr ⋅ 73 ⋅ I 
[Yb(dbm)3(C14,C18)].1.5H2O  Cr ⋅ 72 ⋅ I 
[Lu(dbm)3(C14,C18)] .H2O  Cr ⋅ 69 ⋅ I 
 
The figure shows very clearly that a correlation exists between the ionic 
radius and the transition temperatures. The ionic size decreases over the 
lanthanide series (lanthanide contraction), and simultaneously, the 
supercooling becomes larger: ∆T = 14 °C for [La(dbm)3(C14,C18)2], but 
∆T = 30 °C for [Eu(dbm)3(C14,C18)2] and the mesophase stability range 
decreases. Moreover, only the complexes with lanthanides at the beginning 
of the lanthanide series (La-Eu) show mesomorphic behaviour. This is 
difficult to explain but we suppose that the reduction in ion size leads to 
steric problems in the arrangement of the ligands around the Ln(dbm)3 
complexes and thus more structural distortions occur, leading to a less 
anisotropic complex and reduction of the clearing point.  
Special attention should be paid to the adducts [Gd(dbm)3(C14,C18)2] and 
[Tb(dbm)3(C14,C18)2]. It is not clear whether these adducts show 
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mesomorphic behaviour. By cooling the isotropic liquid, crystals start to 
grow in a melt. It seems that below the crystallization point, some 
mesophase is formed from the melt, between the present crystals. The 
texture obtained from the polarizing microscope is birefringent and fluidity 
could be observed. However, no transition temperature could be assigned. 
We also notice a discontinuity of the melting point between ErIII and TmIII, 
at the end of the lanthanide series. This can be attributed to the fact that a 
change in stoichiometry occurs between [Er(dbm)3(C14,C18)2] and 
[Tm(dbm)3(C14,C18)] in the sense that the compounds with TmIII, YbIII or 
LuIII as the central metal ion contain only one Schiff’s base ligand, not two. 
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Figure 3.15: Mesomorphism of the [Ln(dbm)3(C14,C18)n]-complexes 
As can be seen in Figure 3.16, the lanthanide ion has no influence on the 
d-spacing of these complexes in the SmA mesophase. The first Bragg 
reflection shows no displacement for the different lanthanide ions. 
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Figure 3.16: X-ray diffractograms for the [Ln(dbm)3(C14,C18)2]-complexes 
in the mesophase (La at 78 °C, Pr at 72 °C, Sm at 61 °C, Eu at 57 °C) 
3.4.2 Influence of the chain length 
For investigating the influence of the alkoxy chain length on the thermal 
behaviour of the Schiff’s base complexes, we prepared the LaIII complexes 
of the Schiff’s base ligands (C1,C18) to (C18,C18) giving all the alkyl chains 
between CH3O and C18H37O. The N-alkyl chain was fixed to C18. The 
results are summarized in Table 3.5 and illustrated in Figure 3.17.  
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Table 3.5: Mesomorphism of the [La(dbm)3(Cx,C18)2]-complexes 
Complex Transition temperatures (°C) 
[La(dbm)3(C1,C18)2]  CrI ⋅ 78 ⋅ CrII ⋅ 118 ⋅ I 
[La(dbm)3(C2,C18)2]  Cr ⋅ 97 ⋅ I 
[La(dbm)3(C3,C18)2]  CrI ⋅ 65 ⋅ CrII ⋅ 101 ⋅ I 
[La(dbm)3(C4,C18)2]  CrI ⋅ 45 ⋅ CrII ⋅ 105 ⋅ I 
[La(dbm)3(C5,C18)2]  Cr ⋅ 104 ⋅ I 
[La(dbm)3(C6,C18)2].H2O  Cr ⋅ 101 ⋅ I 
[La(dbm)3(C7,C18)2]  Cr ⋅ 92 ⋅ (SmA ⋅ 58) ⋅ I 
[La(dbm)3(C8,C18)2]  Cr ⋅ 91 ⋅ (SmA ⋅ 65) ⋅ I 
[La(dbm)3(C9,C18)2]  Cr ⋅ 93 ⋅ (SmA ⋅ 71) ⋅ I 
[La(dbm)3(C10,C18)2]  Cr ⋅ 95 ⋅ (SmA ⋅ 74) ⋅ I 
[La(dbm)3(C11,C18)2]  Cr ⋅ 95 ⋅ (SmA ⋅ 77) ⋅ I 
[La(dbm)3(C12,C18)2].H2O  Cr ⋅ 95 ⋅ (SmA ⋅ 79) ⋅ I 
[La(dbm)3(C13,C18)2]  Cr ⋅ 94 ⋅ (SmA ⋅ 81) ⋅ I 
[La(dbm)3(C14,C18)2]  Cr ⋅ 95 ⋅ (SmA ⋅ 81) ⋅ I 
[La(dbm)3(C15,C18)2]  Cr ⋅ 92 ⋅ (SmA ⋅ 81) ⋅ I 
[La(dbm)3(C16,C18)2]  Cr ⋅ 91 ⋅ (SmA ⋅ 80) ⋅ I 
[La(dbm)3(C17,C18)2]  Cr ⋅ 88 ⋅ (SmA ⋅ 72) ⋅ I 
[La(dbm)3(C18,C18)2]  Cr ⋅ 84 ⋅ (SmA ⋅ 69) ⋅ I 
 
Only the LaIII complexes with Schiff’s base ligands with alkoxy chain length 
C7 or larger seem to be mesomorphic. The clearing point increase with 
increasing alkoxy chain length, is constant for the higher chain lengths (C13, 
C14, C15) and shows a sharp decrease for the very long chains C17 and C18. 
The melting point is almost constant for all the different mesomorphic 
complexes, except for the very long alkoxy chains C17 and C18 where it 
slightly decreases. 
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Figure 3.17: Mesomorphism of the [La(dbm)3(Cx,C18)2]-complexes 
The X-ray diffractograms of the [La(dbm)3(Cx,C18)2] complexes where x = 8, 
10, 12, 14 and 16, are shown in Figure 3.18. 
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Figure 3.18: X-ray diffractograms for the [La(dbm)3(Cx,C18)2]-complexes in the 
mesophase (C8 at 62 °C, C10 at 71 °C, C12 at 76 °C, C14 at 78 °C, C16 at 77 °C) 
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We can see clearly that the first order Bragg reflection shifts, depending on 
the chain length. 
In Table 3.6 the experimental d-spacing values, together with the calculated 
ones are summarized. We assume that the chains are in all-trans 
conformation based on the single crystal X-ray diffraction. However, in the 
liquid-crystalline state, flexible chains are also a possibility. 
As the chain length increases, the experimental d-spacing increases too, 
which is logic because the molecules become longer. We can also notice that 
the calculated d-spacing increases faster with increasing chain length than 
the experimental one. The ratio of longer chains to interdigitate is 
apparently larger than shorter chains. 
Table 3.6: Overview of the calculated and experimental d-spacing values 
for different alkoxy chain lengths 
(Cx,C18) d-spacing (calc.) Å d-spacing (exp.) Å 
8 37.64 24.84 
10 40.07 25.17 
12 42.49 25.87 
14 44.92 26.61 
16 47.33 28.22 
3.5 Conclusions 
The tris(dibenzoylmethanato)lanthanide(III) complexes can form 
Lewis-base adducts with long-chain salicylaldimines. The stoichiometry of 
the complexes is [Ln(dbm)3(C14,C18)n] with n = 2 for Ln = La-Er and n = 1 
for Ln = Tm-Lu; and [La(dbm)3(Cx,C18)2] for x = 1 till 18. The Schiff’s base 
ligands are in a zwitterionic form and coordinate through the phenolic 
oxygen only. Although the long-chain Schiff’s bases and the 
tris(dibenzoylmethanato)lanthanide(III) complexes are non-mesomorphic, 
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some of the adducts exhibit a monotropic smectic A phase. The 
mesomorphic behaviour of the complexes depends on the size of the 
lanthanide ion, and the length of the alkoxy chain of the ligand: 
The complexes [Ln(dbm)3(C14,C18)n] of the series La-Eu exhibit 
mesomorphism. The temperature difference between the melting point and 
the clearing point of the monotropic mesophase increases over the 
lanthanide series.  
A mesophase is observed for [La(dbm)3(Cx,C18)2] where x = 7 or larger. The 
chain length does not have a substantial influence on the melting point, but 
the clearing point increases with increases chain length, reaches a maximum 
and decreases for higher alkoxy chain length. 
3.6 Experimental section 
3.6.1 Equipment 
1H-NMR spectra were recorded on Bruker Avance 300 and Bruker AMX-
400 NMR spectrometers. In variable temperature experiments the 
temperature error was within 0.1 K. Two dimensional correlation 
spectroscopy (COSY) was used as a tool to confirm the assignment of the 
proton resonances.  
CHN elemental analyses were performed on a CE Instruments EA-1110 
elemental analyser.  
DSC measurements were carried out on a Mettler-Toledo DSC-822e 
module, using a helium flow of 30 mL/min. 
FTIR spectra were recorded on a Bruker IFS-66 spectrometer, using the 
KBr pellet method.  
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Optical textures of the mesophase were observed with an Olympus BX60 
polarised optical microscope equipped with a Linkam THMS 600 hot-stage 
and a Linkam TMS 93 programmable temperature-controller. 
Synchrotron X-ray measurements were made on the DUBBLE-beam line 
(BM 26) at the European Synchrotron Radiation Facility (ESRF) in 
Grenoble (France).15,16 Intensities were collected on a quadrant type detector 
at 0.70 m from the sample.17 Distances in real space between 2.97 and 133 Å 
could be covered by using an X-ray wavelength, λ = 0.62 Å (E = 20 keV). 
Flat samples of 1 mm thick, placed in a brass mould and covered by 
aluminium foils, were mounted in a Linkam THMS600 hot stage for 
temperature control. The heating rate used was 10 °C/min throughout. 
Scattering patterns were collected sequentially during 6 seconds, 
corresponding to one pattern for each centigrade in the temperature ramp. 
The scattering angles were calibrated using the reflections of silver behenate 
and silicon at room temperature. No corrections were done to account for 
the use of a flat detector. Data were corrected for the detector response and 
normalised to the intensity of the primary beam, measured at the detector 
position. For data reduction the XOTOKO programme was used.18 
Crystallography: Yellow crystals of [La(dbm)3(C1,C4)2] were obtained by 
slow evaporation of a solution of the complex in a CH2Cl2/EtOH mixture. 
A crystal of dimensions 0.25 × 0.15 × 0.10 mm was mounted in a nylon 
loop for data collection at 110 K on a MAR diffractometer using graphite-
monochromatic MoKα radiation (λ = 0.71069 Å) and which was equipped 
with a 300 mm imaging plate detector.  The images were interpreted and 
intensities integrated with the program DENZO.19  
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3.6.2 Synthesis of the Schiff’s base ligand 
The synthesis of the Schiff’s base ligands is described for (C14,C18) as an 
example. All the other ligands are synthesized according to the same 
procedure. 
Synthesis of 2-hydroxy-4-tetradecyloxybenzaldehyde 
2-Hydroxy-4-tetradecyloxybenzaldehyde was prepared by refluxing for 4 
hours 2,4-dihydroxybenzaldehyde (13.82 g, 0.1 mol) with 
1-bromotetradecane (27.73 g, 0.1 mol) in DMF, and with KHCO3 (10.01 g, 
0.1 mol) as the base. After leaving to cool to room temperature, the reaction 
mixture was poured into an aqueous HCl solution (6 N). The organic layer 
was separated and the aqueous layer was extracted with diethyl ether. The 
combined organic layers were dried on anhydrous MgSO4 and the solvent 
was removed at reduced pressure. The crude aldehyde was purified by 
crystallization from hot acetonitrile. Yield: 73 % (24.33 g). Elemental 
analysis calcd for C21H34O3 (MW = 585.99): C 75.39 %, H 10.25 %; found: 
C 75.20 %, H 10.11 %. 1H-NMR (300 MHz, CDCl3, δ ppm): 0.90 (3H, t, 
CH3), 1.02-1.60 (22H, m, CH2), 1.80 (2H, m, CH2-CH2-O), 4.00 (2H, t, 
CH2-O), 6.40 (1H, d, Haryl), 9.70 (1H, s, CH=O). Jo = 8.5 Hz, Jm = 2.5 Hz. 
Synthesis of ligand (C14,C18) 
The Schiff’s base ligand was prepared by refluxing 2-hydroxy-4-
tetradecyloxybenzaldehyde (16.72 g, 0.05 mol) with n-octadecylamine 
(13.45 g, 0.05 mol) in toluene for 3 hours. A Dean-Stark trap was used to 
extract the released water and a few drops of glacial acetic acid as the 
catalyst were added. The solvent was evaporated and the crude product was 
crystallized from absolute ethanol. Yield: 93 % (27.20 g). Elemental analysis 
calcd for C39H71NO2 (MW = 585.99): C 79.94 %, H 12.21 %, N 2.39 %; 
found: C 80.05 %, H 12.12 %, N 2.17 %. 1H-NMR (300 MHz, CDCl3, δ 
ppm): 0.88 (t, 6H, CH3), 1.10-1.50 (m, 52H, CH2), 1.67 (m, 2H, N-CH2-
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CH2), 1.77 (m, 2H, CH2-CH2-O), 3.50 (t, 2H, N-CH2), 3.96 (t, 2H, CH2-O), 
6.31 (dd, 1H, Haryl), 6.36 (d, 1H, Haryl), 7.04 (d, 1H, Haryl), 8.08 (s, 1H, 
CH=N), 14.1 (s, 1H, OH). Jo = 8.5 Hz, Jm = 2.5 Hz. 
3.6.3 Synthesis of the β-diketone complexes 
The synthesis of the β-diketone complexes is described for [La(dbm)3] as an 
example. All the other [Ln(dbm)3]-complexes are synthesized according to 
the same procedure. 
Synthesis of [La(dbm)3] 
To a solution of Hdbm (2.24 g, 0.01 mol) in ethanol and 10 mL of NaOHaq 
(1 M) is added an aqueous solution of La(NO3)3.6H2O (4.33 g, 0.01 mol). 
The mixture is stirred overnight, filtered and dried in vacuo. Yield: 85 % 
(6.84 g). Elemental analysis calcd for C45H33O6La (MW = 808.7): C 66.84 %, 
H 4.11 %; found: C 67.02 %, H 4.27 %. IR (KBr, cm-1): ν = 1595 
(C=O str.). 1H-NMR (300 MHz, CDCl3, δ ppm): 6.80 (1H, b, CH), 7.35-
7.55 (6H, m, Harom), 7.85-8.00 (4H, m, Harom).  
The elemental analysis results for the other [Ln(dbm)3]-complexes are 
summarized in Table 3.7. 
− Chapter 3 − 
 
 89
Table 3.7: Elemental analysis results for the [Ln(dbm)3]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[La(dbm)3] 85  66.84 (67.02) 4.11 (4.27)  
[Pr(dbm)3] 89  66.67 (66.84) 4.10 (4.19)  
[Nd(dbm)3].1.5H2O 94  64.27 (64.30) 4.31 (4.37)  
[Sm(dbm)3].1.5H2O 91  63.80 (63.72) 4.28 (4.16)  
[Eu(dbm)3].H2O 98  64.37 (63.93) 4.20 (4.27)  
[Gd(dbm)3].H2O 93  63.96 (63.68) 4.17 (4.07)  
[Tb(dbm)3].H2O 88  63.84 (63.50) 4.17 (4.09)  
[Dy(dbm)3].H2O 92  63.57 (63.23) 4.15 (4.03)  
[Ho(dbm)3].H2O 97  63.39 (63.28) 4.14 (4.30)  
[Er(dbm)3].1.5H2O 88  62.55 (62.60) 4.20 (4.01)  
[Tm(dbm)3].1.5H2O 81  62.43 (62.39) 4.19 (3.99)  
[Yb(dbm)3].1.5H2O 92  62.14 (62.13) 4.17 (3.94)  
[Lu(dbm)3] .H2O 70  62.65 (62.25) 4.09 (4.17)  
3.6.4 Synthesis of the adducts 
The synthesis of the adducts is described for [La(dbm)3(C14,C18)2] as an 
example. All the other [Ln(dbm)3(C14,C18)2]-complexes are synthesized 
according to the same procedure. 
Synthesis of [La(dbm)3(C14,C18)2] 
A solution of [La(dbm)3] (2.42 g, 3 mmol) in absolute ethanol was added 
dropwise to a solution of (C14,C18) (1.76 g, 3 mmol) in absolute ethanol at 
50 °C. The adduct precipitated immediately. After the mixture had been 
stirred overnight at room temperature, the precipitate was filtered off, 
washed with ethanol and dried in vacuo. The compound is obtained as a pale 
yellow powder. Yield: 91 % (2.72 g). Elemental analysis calcd for 
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C123H175LaN2O10 (MW = 1980.6): C 74.57 %, H 8.91 %, N 1.42 %; found: 
C 74.74 %, H 8.97 %, N 1.30 %. IR (KBr, cm-1): ν = 1653 (C=N str.), 1552 
(C=O str.). 1H-NMR (300 MHz, CDCl3, δ ppm): 0.80 (12H, m, CH3), 0.90-
1.30 (112H, m, CH2), 1.37 (4H, m, N-CH2-CH2), 1.51 (4H, m, CH2-CH2-
O), 3.14 (4H, b, N-CH2), 3.58 (4H, t, CH2-O), 6.11 (2H, d, Harom , (C14,C18)), 
6.32 (2H, s, Harom, (C14,C18)); 6.63 (3H, s, CH, dbm), 6.88 (2H, d, Harom, 
(C14,C18)), 7.05-7.35 (18H, m, Harom dbm), 7.85 (1H, s, CH=N), 7.91 (12H, 
m, Harom dbm). 
The elemental analysis results for the compounds [Ln(dbm)3(C14,C18)n] and 
[La(dbm)3(Cx,C18)2] are summarized in Table 3.8 and Table 3.9 respectively. 
Table 3.8: Elemental analysis results for the [Ln(dbm)3(C14,C18)n]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[La(dbm)3(C14,C18)2] 84  74.57 (74.74) 8.91 (8.97) 1.42 (1.30) 
[Pr(dbm)3(C14,C18)2].H2O 90  73.84 (73.79) 8.92 (8.74) 1.40 (1.31) 
[Nd(dbm)3(C14,C18)2].2H2O 89  72.42 (72.31) 8.94 (8.78) 1.37 (1.43) 
[Sm(dbm)3(C14,C18)2].H2O 81  73.50 (73.34) 8.88 (8.76) 1.39 (1.26) 
[Eu(dbm)3(C14,C18)2] 88  74.10 (74.31) 8.85 (9.04) 1.41 (1.36) 
[Gd(dbm)3(C14,C18)2].2H2O 74  72.60 (72.50) 8.87 (9.01) 1.38 (1.41) 
[Tb(dbm)3(C14,C18)2] 63  73.84 (73.79) 8.82 (9.03) 1.40 (1.45) 
[Dy(dbm)3(C14,C18)2]. H2O 83  73.05 (73.08) 8.82 (9.06) 1.39 (1.51) 
[Ho(dbm)3(C14,C18)2] 82  73.62 (73.21) 8.79 (9.03) 1.40 (1.49) 
[Er(dbm)3(C14,C18)2].H2O 80  72.88 (72.97) 8.80 (9.05) 1.38 (1.52) 
[Tm(dbm)3(C14,C18)].2H2O 79  69.07 (69.23) 7.45 (7.62) 0.96 (0.84) 
[Yb(dbm)3(C14,C18)] 85  70.61 (70.90) 7.34 (7.51) 0.98 (1.16) 
[Lu(dbm)3(C14,C18)] 72  70.52 (70.37) 7.33 (7.49) 0.98 (1.12) 
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Table 3.9: Elemental analysis results for the [La(dbm)3(Cx,C18)n]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[La(dbm)3(C1,C18)2] 73  72.10 (72.09) 7.67 (7.33) 1.73 (1.72) 
[La(dbm)3(C2,C18)2] 65  72.33 (72.40) 7.79 (7.43) 1.70 (1.68) 
[La(dbm)3(C3,C18)2] 43  72.55 (72.06) 7.90 (8.04) 1.68 (1.76) 
[La(dbm)3(C4,C18)2] 65  72.77 (72.52) 8.00 (8.21) 1.65 (1.73) 
[La(dbm)3(C5,C18)2] 77  72.98 (72.93) 8.11 (8.36) 1.62 (1.70) 
[La(dbm)3(C6,C18)2] .H2O 53  72.44 (72.62) 8.24 (8.55) 1.58 (1.69) 
[La(dbm)3(C7,C18)2] 65  73.37 (73.09) 8.30 (8.59) 1.57 (1.66) 
[La(dbm)3(C8,C18)2] 79  73.56 (73.16) 8.40 (8.47) 1.55 (1.68) 
[La(dbm)3(C9,C18)2] 81  73.75 (73.95) 8.49 (8.70) 1.52 (1.16) 
[La(dbm)3(C10,C18)2] 78  73.93 (73.66) 8.58 (8.08) 1.50 (1.51) 
[La(dbm)3(C11,C18)2] 88  74.10 (74.04) 8.66 (8.20) 1.48 (1.49) 
[La(dbm)3(C12,C18)2].H2O 90  73.58 (73.68) 8.77 (8.82) 1.44 (1.48) 
[La(dbm)3(C13,C18)2] 92  74.43 (74.21) 8.83 (8.58) 1.43 (1.46) 
[La(dbm)3(C14,C18)2] 84  74.57 (74.74) 8.91 (8.97) 1.42 (1.30) 
[La(dbm)3(C15,C18)2] 87  74.74 (74.84) 8.98 (9.23) 1.39 (1.13) 
[La(dbm)3(C16,C18)2] 96  74.89 (74.84) 9.06 (9.30) 1.38 (1.00) 
[La(dbm)3(C17,C18)2] 80  75.04 (75.26) 9.13 (9.53) 1.36 (1.41) 
[La(dbm)3(C18,C18)2] 88  75.18 (75.62) 9.20 (9.56) 1.34 (1.56) 
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Chapter 4  
SUPRAMOLECULAR 
f-d  METALLOMESOGENS 
4.1 Introduction 
Studies of heteropolynuclear complexes that contain both a transition metal 
ion and a trivalent lanthanide ion, the so-called f-d metal complexes, gained a 
lot of interest since 1985, when Bencini et al.1 reported unique magnetic 
properties for CuII-GdIII salen complexes. This well known salen ligand, 
depicted in Figure 4.1 (salen = 2,2’-N,N’-bis(salicylidene)ethylenediamine) is 
often used to form f-d complexes by adduct formation of a transition metal 
salen-complex and a lanthanide salt. 
OH
N N
HO
 
Figure 4.1: Salen-ligand 
Most often CuII is chosen as the transition metal (because CuII is 
paramagnetic, d9), but other divalent d-metal ions such as NiII, PdII, CoII or 
vanadyl can also be used to prepare f-d complexes. Recently, Sakamoto et al.2 
reported a review of f-d complexes concerning synthesis, structure and 
physicochemical aspects. 
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Although several mixed f-d complexes have been synthesized and their 
magnetic behaviour studied in detail,3 there is still no report on 
heteropolynuclear metallomesogens containing both a transition metal ion 
and a lanthanide (rare-earth) ion. Such mixed f-d metallomesogens could 
represent an intriguing new class of materials, since they combine the 
specific magnetic interactions of f-d coordination compounds (e.g. magnetic 
exchange interactions) with the properties of liquid crystals. Furthermore, 
from a materials processing point of view, f-d metallomesogens could be 
advantageous because of the strong tendency of the lanthanide-based 
metallomesogens to form a glassy state on cooling rather than to crystallize, 
and thus giving the possibility to freeze-in the mesomorphic order, whereas 
common non-mesomorphic f-d coordination complexes are obtained as 
crystalline powders. 
4.2 The first f-d metallomesogens 
In order to obtain mixed f-d metallomesogens, our approach consisted of 
modifying the structures of previously described non-mesomorphic f-d 
complexes in such a way that a sufficient structural anisotropy was obtained 
to favor the formation of mesophases. This can be achieved by extending 
the aromatic parts of the central rigid core on the one hand and to attach 
long alkyl chains to the extremities of the core complex on the other hand. 
Recently, Kahn et al.4 described adducts of lanthanide(III) nitrates with the 
Cu(salen) complex. For the light lanthanides, they obtained heterotrinuclear 
[Ln(NO3)3{Cu(salen)}2] compounds, whereas for gadolinium and for the 
heavier lanthanides heterobinuclear [Ln(NO3)3{Cu(salen)}] complexes were 
formed. A view of the molecular structure of [Ce(NO3)3{Cu(salen)}2] is 
shown in Figure 4.2. 
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Figure 4.2: Molecular structure4 of [Ce(NO3)3{Cu(salen)}2], 
the hydrogen atoms were omitted for clarity 
This structure consists of two Cu(salen) moieties bound to the CeIII ion via 
the two phenolic oxygen atoms of salen. The bridging network CeO1O2Cu 
has a butterfly shape: taking O1O2 as the hinge, the CeO1O2 and CuO1O2 
planes make a dihedral angle of 154.5°. The coordination sphere of the Ce 
atom is completed by the bidentate coordination of the three nitrate anions. 
The copper ion is in a square planar environment composed of the nitrogen 
and oxygen atoms of salen. The Ce atom and a nitrogen atom of one 
nitrate anion are in a particular position on a C2 axis, so that this C2 
axis is also a molecular symmetry axis. The intramolecular metal-metal 
separations are 3.471 Å for Ce-Cu and 4.289 Å for Cu-Cu. The 
Cu-Ce-Cu angle is equal to 73.3°. The atoms of the two Schiff’s bases 
belonging to the same molecule are located in two nearly parallel 
planes. The assembling of the molecules in the network is controlled 
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by Van der Waals interactions of these planes belonging to different 
molecules arranged in a parallel manner. 
The molecular structure of [Gd(NO3)3Cu(salen)].HOCH3, is shown in 
Figure 4.3. 
 
Figure 4.3: Molecular structure4 of [Gd(NO3)3Cu(salen)].HOCH3 
This structure exists of a Cu(salen) moiety bound to the GdIII ion via two 
phenolic oxygen atoms of salen. The bridging network GdO1O2Cu has a 
butterfly shape: taking O1O2 as the hinge, the GdO1O2 and CuO1O2 
planes make a dihedral angle of 147.4°. The Gd environment is composed 
of nine oxygen atoms, two belonging to salen, six belonging to the three 
nitrate anions in bidentate coordination and one coming from a methanol 
molecule. The copper ion is displaced from its equatorial plane by 0.116 Å. 
The intramolecular Gd-Cu distance is 3.224(1) Å.  
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These types of complexes stood model for the mixed f-d metallomesogens 
we synthesized. The first examples of heteropolynuclear metallomesogens 
that contain both a transition metal ion and a trivalent lanthanide ion are 
depicted in Figure 4.4.  
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Figure 4.4: The first examples of f-d metallomesogens 
4.2.1 Synthesis 
The synthesis towards these mixed f-d complexes requires 5 steps. The first 
three steps are necessary to form the organic ligand, step 4 to make the 
parent copper complex and in the last step, the supramolecular f-d 
metallomesogen is formed. 
Step 1: 
As described in the previous chapters, there are several ways to substitute 
polyhydroxybenzene derivatives with primary alkyl groups. The textbook-
example for this kind of reactions is the Williamson etherification5 (Figure 
4.5). 
− Supramolecular f-d metallomesogens − 
 
100 
RBr, K2CO3
DMF, KI (cat.)
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Figure 4.5: Williamson etherification 
The Williamson etherification is a versatile laboratory procedure for 
synthesizing ethers. A base deprotonates the hydroxyl groups and the 
formed anion undergoes a nucleophilic substitution reaction with the alkyl 
bromide. The reaction is catalyzed by a small amount of KI. Polar aprotic 
solvents with a sterically hindered partial positive part (acetone, DMF, 
2-butanone) will accelerate the reaction. DMF and 2-butanone are preferred 
over acetone because of the higher boiling points. The high reflux 
temperatures will reduce the reaction time. Despite these practical 
adaptations, it takes at least 8 h to accomplish this polyalkoxylation reaction. 
A much more faster method based on the Williamson ether synthesis was 
described by Hermis et al..6 K2CO3 was also used as the base but they 
changed the solvent in MIBK (methyl isobutyl ketone) with a boiling point 
of 118 °C. Although cyclohexanone has a higher boiling point 
(TB = 151 °C), it is not used probably due to the poor solubility of either 
base or intermediate salts of the starting product and the limited polarity. 
Additionally they studied the use of a phase transfer catalyst (PTC). 
Although Aliquat 336 is the most active PTC, TBAB (tetrabutylammonium 
bromide) was chosen because it is easily available in large quantities and 
above all, TBAB is more easily removed. The reaction passes through two 
intermediate products before the tris-alkylated product is formed. The 
pathway is depicted in Figure 4.6. The total conversion of ethyl gallate in the 
presence of TBAB and with MIBK as solvent is completed within two 
hours. 
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Figure 4.6: New method for etherification 
To continue our ligand synthesis, we need to transform the formed ether in 
the tris-alkylated benzoic acid. The ester is saponified by KOH in ethanol 
followed by acidic workup. We do not use the carboxylic acid as a starting 
product, but an ester to prevent esterification of the acid group in the first 
step of the reaction. 
Step 2: 
OHHO
O
H
RO
C
OH
O
RO
RO +
DCC, DMAP
dichloromethane
RO
C
O
O
RO
RO
OH
O
H
Figure 4.7: Condensation reaction  
This condensation reaction (Figure 4.7) has previously been discussed in 
Chapter 2 (step 2 and 4) and Chapter 3 (step 2). Here, the use of a 
protecting group is also not necessary. The acid will react very selective with 
the alcohol group in the 5-position of the aldehyde group, because a 
hydrogen bonding protects the alcohol group in the ortho-position of the 
aldehyde group.  
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Step 3: 
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Figure 4.8: Imine formation 
This reaction is described in every chapter of this thesis, because it is the 
proper method to synthesize Schiff’s base ligands. It is shown in Figure 4.8. 
For more information about the mechanism, we refer to the Appendix A.2. 
Step 4: 
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Figure 4.9: Complexation of a d-metal ion (M = Cu, Ni) 
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The complexation of a d-metal ion is illustrated in Figure 4.9. An acetate salt 
of the metal is used to deprotonate the ligand. In such a way it gets two 
negative charges (2-) and can form a complex with the divalent positive (2+) 
d-metal ion. It is recommended to use a slightly excess of the metal salt to 
avoid co-precipitation of the ligand with the metal complexes. 
Step 5: 
The fifth and last step in the synthesis of the mixed f-d complexes is the 
formation of a supramolecular complex of the parent d-metal complex with 
a lanthanide salt. The reaction is illustrated in Figure 4.10. 
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Figure 4.10: Complexation of a lanthanide to the parent {Cu(salen)}-complex 
This reaction is performed in acetone since the ligand as well as the 
lanthanide nitrate is soluble in this solvent. Here also, a slight excess of 
lanthanide salt is used to avoid co-precipitation of the parent d-metal 
complex with the mixed f-d complex. 
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4.2.2 Thermal properties 
The organic ligand itself is not liquid-crystalline. An explanation for this can 
be found in the field of polycatenar mesogens. These are molecules with a 
core that has an extended rod-like structure, where several alkoxy chains are 
attached. To obtain mesomorphic properties, there must be a balance 
between the number of chains attached to the core and the length of the 
core. In general, the core must have as many rings as terminal chains.7 
O
O OH
N
N
HO O
OC14H29
OC14H29
OC14H29
H29C14O
H29C14O
H29C14O
O
 
Figure 4.11: Structure of the organic ligand of the first f-d metallomesogens 
Our ligand shown in Figure 4.11 does not fulfil these conditions to be 
mesogenic. There are six terminal chains and only four aromatic rings. 
Moreover, the central bound =N-(CH2)2-N= is too flexible and not rod-like 
enough to induce liquid crystallinity. The ligand melts at 92 °C into an 
isotropic liquid. 
Observation of the textures by polarised light optical microscopy (POM) 
showed that the copper complex gives an enantiotropic liquid crystal, 
melting at 58 °C and clearing at 159 °C. Just above the melting point, 
despite the high viscosity, flow could nevertheless be induced by pressing 
the cover slip with a needle. However, on further heating, the viscosity was 
found to gradually decrease up to the clearing point temperature at which 
the texture appeared totally fluid. On cooling from the isotropic phase, a 
− Chapter 4 − 
 
105 
characteristic texture of a columnar phase was formed (as evidence by the 
growth of dendritic features, see Figure 4.12). 
 
 
Figure 4.12: Texture of the parent {Cu(salen)}-complex at 155 °C 
(200x magnification) 
On further cooling, the viscosity gradually increased, and the mesophase 
could still be observed at room temperature; crystallization was observed at 
around 0 °C.  
The copper-lanthanum complex was found by POM to melt at 77 °C into a 
viscous mesophase with an atypical texture, with the viscosity gradually 
decreasing upon heating. Around 170 °C a sharp decrease in viscosity was 
observed. At this temperature, a step in the baseline of the DSC 
thermogram was detected. Above 220 °C, the compound started to 
decompose.  
The copper-gadolinium complex shows a similar mesophase behaviour to 
that of the copper-lanthanum complex, with a melting point at 95 °C. The 
mesophase persisted up to 210 °C, a temperature at which the compound 
started to decompose, without clearing. 
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4.2.3 Temperature dependent XRD 
The only definite way to confirm the type of the mesophase, which was 
found by POM, is temperature-dependent X-ray diffraction. The 
measurements were carried out systematically within the crystalline and the 
mesomorphic temperature ranges, every 10 °C. The time exposure was 
varied from 30 minutes up to 4 hours, depending on the specific reflections 
being sought (weaker reflections taking longer to expose). The X-ray 
diffraction diagrams were not reproducible on cooling for the two mixed 
complexes, due to the fast decomposition on reaching the isotropic liquid. 
This decomposition is even more promoted by the long-time exposure at 
high temperature and by the X-ray beam. Nevertheless, a good agreement 
was found between the temperatures determined by POM and by DSC, and 
those determined by XRD. Practically identical X-ray diffraction patterns 
were obtained for all samples, when the experiments were performed in the 
mesomorphic temperature ranges.  
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Figure 4.13: XRD pattern of the copper-lanthanum complex at 100 °C 
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As we can see in Figure 4.13 the XRD patterns of these complexes consist 
of:  
9 a diffuse scattering halo (II) in the wide-angle region, corresponding to 
the liquid-like disorder of the aliphatic chains and rigid parts, at 
ca. 4.5 Å, distance corresponding to <h>;  
9 another, slightly less intense diffuse band (I) seen at ca. 9.4 Å, which 
could be an indication of a dimeric structure, and thus of the periodicity 
along the column, <p>;  
9 two or three sharp, intense reflections in the small-angle region, with 
the reciprocal spacings in the ratio 1, √3 and √4, corresponding to the 
indexation [hk] = [10], [11] and [20].  
Such features are characteristic of a two-dimensional hexagonal packing of 
columns, that is to a hexagonal columnar mesophase (Colh). The phase is 
disordered since there is no long-range correlation order within the columns 
as evident from the absence of a sharp peak in the wide-angle region, which 
would have corresponded to a perfect and regular stacking along the 
columnar axis. Characteristic data have been selected and are reported in 
Table 4.1. 
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Table 4.1: XRD data (at 100 °C) and mesophase behaviour of the copper 
complex, copper-lanthanum and copper-gadolinium complex. 
Complex dmeas [Å] I[a] [hk] dcalc [Å] Mesophase  and parameters[b] 
Cu 36.3 VS [10] 36.3 Cr ⋅ 58 ⋅ Colh ⋅ 159 ⋅ I 
 21.1 S [11] 20.95  a = 41.9 Å 
 18.3 M [20] 18.15  s = 1521 Å2 
 9.4 br ---   
 4.5 br ---   
Cu-La 36.7 VS [10] 36.7 Cr ⋅ 77 ⋅ Colh ⋅ 220 ⋅ dec. 
 21.2 S [11] 21.2  a = 42.4 Å 
 18.3 M [20] 18.3  s = 1555 Å2 
 9.4 br ---   
 4.5 br ---   
Cu-Gd 37.2 VS [10] 37.2 Cr ⋅ 95 ⋅ Colh ⋅ 210 ⋅ dec. 
 21.45 S [11] 21.5  a = 42.95 Å 
 18.5 M [20] 18.6  s = 1598 Å2 
 9.3 br ---   
 4.6 br ---   
[a] Intensities (I): VS = very strong; S = strong; M = medium; br = broad. 
[b] Transition temperatures are those obtained from polarised optical microscopy and 
expressed in °C (in good agreement with those determined by DSC and XRD). Cr = solid, 
crystalline phase; Colh = hexagonal columnar mesophase; I = isotropic liquid; dec = 
decomposition. 
a = lattice parameter ( 3/d2 10= ); s = cross-section ( 3/d2 210= ) 
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4.2.4 Molecular organisation 
The systematic observation of a hexagonal columnar mesophase for the 
three compounds (Cu, La-Cu-La and Cu-Gd) as well as the similarity in the 
measured geometrical parameters suggest strongly that the local organisation 
within the mesophase is the same despite their structural differences. 
Furthermore, the formation of what seems likely to be some kind of dimeric 
structure is also present in the three cases. Only the thermal stability of the 
compounds in the mesophase is different, probably related to the intrinsic 
structure of each complex. The hexagonal symmetry of the mesophase 
implies the necessary condition that the hard columnar core (i.e. the 
aromatic parts) is cylindrical, and therefore has a circular cross-section (these 
hard columns are separated from each other by the liquid paraffinic 
continuum - see Figure 4.14).  
a
φ0
s0
s
d10
Aliphatic continuum
Molecular cluster
(hard core)
 
Figure 4.14: Schematic representation of the columnar periodicity d10, the lattice 
parameter a ( 3/2da 10= ), the cross-section s ( 3/2dads 21010 == ) and the 
apparent cross-section s0, with diameter φ0. 
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In order to generate such circular cross-section with these large lath-like 
molecules, the complexes are likely to be self-organised into molecular 
assemblies (clusters) having a flat, more or less square shape, which will then 
stack on top of each other to yield the columns. The rotation of these 
supramolecular slices, and thus of the hard columnar core with respect to 
the columnar axis, lead to apparent cylindrical rigid columns (with a circular 
cross-section s0 of diameter φ0). 
The number of complexes (or dimers) contained in each molecular cluster 
can be estimated using the equation for NMol (see below).8,9 In their fluid 
state, the density of these complexes can be approximated to be close to 
1 g cm-3. The molecular volumes (VMol) can be calculated according to: 
23
24
Mol
W
10.023.6
10.
V
M=ρ  Equation 4.1 
Here, 1024 corresponds with the conversion of cm-3 in Å-3 and 6.023.1023 
with Avogadro’s number. In this case, the molecular volumes (VMol) of the 
three complexes (Cu, La-Cu-La, Cu-Gd) are 3100, 6700 and 3600 Å3 
respectively. Thus, in order to calculate the number of molecules, NMol, 
contained within the hexagonal cell of thickness <p>, one just needs to 
divide the volume of this cell, Vcell, by the molecular volume as expressed in 
the following equation:  
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Mol ===
s
 Equation 4.2 
Here, s corresponds to the cross-section of the hexagonal columnar phase 
and <p> to the average columnar repeat unit, both values being determined 
by X-ray diffraction (from d10, 3/2d210=s ) and from the centre position of 
the halo I, given by a Lorentzian fit, <p> ≅ 9.4 Å). The results of these 
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calculations showed that on average, slightly more than 4 copper complexes, 
2 copper-lanthanum complexes and 4 mixed gadolinium-copper complexes 
are needed to fill a columnar slice ca 9.4 Å thick. 
The following molecular organisation within the columnar mesophase can 
now be proposed: four molecules of type I (complexes Cu and Cu-Gd) self-
arrange into a plate-like molecular cluster, while only two molecules of type 
II (complex Cu-La-Cu, having by itself the plate-like shape) are needed for 
one columnar unit. They then self-assemble to form the columns by an 
alternating stacking (at right angle, see Figure 4.15 and Figure 4.16) in order 
to maximise the space occupied by the aliphatic chains. Note that the 
orientational molecular ordering in these clusters within the column and 
with those of neighbouring columns is not long-range correlated, allowing 
therefore some freedom for the molecules to fill the space in a more 
efficient way, as confirmed by the d10 temperature variation. Indeed, for 
complexes Cu and Cu-Gd, the d-spacing decreases linearly with T, and is 
almost temperature independent for Cu-La-Cu. This is in agreement with 
the presence of undulations of the columns in order to compensate the 
thermal expansion of the paraffinic chains.9 On increasing temperature T, 
the space filling of the chains is optimised, because the hard columnar core 
becomes less and less undulated and more straight. The columns then self-
organise into a hexagonal two-dimensional lattice. The disordered chains 
ensured at the same time the gliding of the columns, one with respect to the 
other, and thus the fluidity and the liquid-crystalline nature of the 
mesophase. A schematic representation of the molecular organisation of the 
complexes within the columnar mesophase is shown in Figure 4.15 and 
Figure 4.16. This is only a schematic representation at one given moment, 
because the molecular clusters rotate around the column axis (see text above 
and Figure 4.14). 
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Figure 4.15: Molecular organisation of the copper and copper-gadolinium 
complexes (type I) within the columnar mesophase. The columnar repeat unit is 
given by <p>, and <h> is the average distance between adjacent molten chains. 
 
Figure 4.16: Molecular organisation of the copper-lanthanum complex (type II) 
within the columnar mesophase. The columnar repeat unit is given by <p>, and 
<h> is the average distance between adjacent molten chains. 
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4.3 Influence of the lanthanide ion 
Further research on these supramolecular f-d metallomesogens consists of a 
systematic approach. Next paragraphs deal with the influence of the d-ion, 
the influence of the nature of substitution and the influence of the linking 
group on the structure and thermal properties of these compounds. Within 
these studies, some attention is paid to the effect of the lanthanide ion and 
the chain length. But before we continue our study of these compounds, it 
is recommended to use abbreviations, since the IUPAC names can take up 
to three lines. The general structure is depicted in Figure 4.17.  
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Figure 4.17: Schematic approach to the abbreviations 
Z is the type of linking group and equals to:  
 <space>  for ethylenediamine 
 ? for 1,2-diaminobenzene 
 ٨٨ for 1,3-diamino-2-propanol 
 ∏ for bis-(2-aminoethyl)-amine 
M is the d-metal ion and Ln is the lanthanide. The substituent (?) can be 
an alkoxy chain, and is abbreviated as (Cx) with x the chain length. But it 
can also be an alkoxy substituted benzoate, and this is abbreviated as 
a,b,c(Cx) with x the chain length and a,b,c the substitution on this benzoate. 
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So the general formula looks like [{a,b,c(Cx) Z M}nLn] where n represents 
the number of d-metal complexes on a lanthanide ion. E.g. the Cu-La 
complex already described and shown in Figure 4.4 is abbreviated as 
[{3,4,5(C14)Cu}2La]. 
In this paragraph the study of the first f-d metallomesogens is extended to 
the whole lanthanide series. The complexes with general formula 
[{3,4,5(C12)Cu}nLn] where Ln = La-Lu (except Ce and Pm) were 
synthesized according to the method described in paragraph 4.2.1. 
4.3.1 Structure of the compounds 
A first indication of structure is given by elemental analysis (CHN) results 
and IR absorption measurements. The latter results are summarized in Table 
4.2.  
There is a difference in stretching vibration of the C=N bonding between 
Ln = Nd and Sm. It is obvious that the compounds present a change of 
structure, which is also proved by CHN results. The complexes contain 
trinuclear units LnCu2 for light rare-earth ions and binuclear units LnCu for 
heavy rare-earth ions. Such a change has been already observed by infra-red 
spectroscopy for similar non-mesogenic compounds.10 This structural 
change results from steric effects. Indeed, the Cu(salen) moiety is bulky, and 
the ionic radius of LnIII decreases along the lanthanide series.  
Only one of the four nitrate stretching vibrations (ν2) is clearly separated 
from other peaks and appears only in the mixed f-d complexes. 
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Table 4.2: IR results of the [{3,4,5(C12)Cu}nLn]-complexes 
 IR (KBr) cm-1 
Complex  ν (C=N) ν (C−O) ν2 (NO3) 
[{3,4,5(C12)Cu}2La]  1643 1198 1029 
[{3,4,5(C12)Cu}2Pr]  1640 1198 1027 
[{3,4,5(C12)Cu}2Nd]  1642 1198 1027 
[{3,4,5(C12)Cu}Sm]  1651 1200 1026 
[{3,4,5(C12)Cu}Eu]  1650 1201 1023 
[{3,4,5(C12)Cu}Gd]  1651 1201 1029 
[{3,4,5(C12)Cu}Tb]  1651 1200 1025 
[{3,4,5(C12)Cu}Dy]  1651 1201 1026 
[{3,4,5(C12)Cu}Ho]  1651 1202 1026 
[{3,4,5(C12)Cu}Er]  1652 1201 1026 
[{3,4,5(C12)Cu}Tm]  1652 1203 1030 
[{3,4,5(C12)Cu}Yb]  1652 1202 1029 
[{3,4,5(C12)Cu}Lu]  1652 1201 1027 
4.3.2 Thermal properties 
The 3,4,5(C12) ligand is not liquid-crystalline as explained in the previous 
paragraph and melts at 84 °C into an isotropic liquid. The 
{3,4,5(C12)Cu}-complex is an enantiotropic mesogen with a melting point of 
61 °C and a clearing point of 171 °C. According to the observed texture 
obtained by cooling of the isotropic liquid with POM measurements, the 
type of mesophase is Colh. 
As expected, the [{3,4,5(C12)Cu}nLn]-compounds exhibit the same thermal 
behaviour as the ‘first f-d metallomesogens’ described in the previous 
paragraph. Their transition temperatures are summarized in Table 4.3. 
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Table 4.3: Transition temperatures of the [{3,4,5(C12)Cu}nLn]-complexes 
Complex Transition temperatures (°C) 
[{3,4,5(C12)Cu}2La] Cr ⋅ 76 ⋅ Colh ⋅ 204 ⋅ dec 
[{3,4,5(C12)Cu}2Pr] Cr ⋅ 72 ⋅ Colh ⋅ 200 ⋅ dec 
[{3,4,5(C12)Cu}2Nd] Cr ⋅ 83 ⋅ Colh ⋅ 204 ⋅ dec 
[{3,4,5(C12)Cu}Sm] Cr ⋅ 92 ⋅ Colh ⋅ 194 ⋅ dec 
[{3,4,5(C12)Cu}Eu] Cr ⋅ 95 ⋅ Colh ⋅ 200 ⋅ dec 
[{3,4,5(C12)Cu}Gd] Cr ⋅ 90 ⋅ Colh ⋅ 197 ⋅ dec 
[{3,4,5(C12)Cu}Tb] Cr ⋅ 95 ⋅ Colh ⋅ 204 ⋅ dec 
[{3,4,5(C12)Cu}Dy] Cr ⋅ 95 ⋅ Colh ⋅ 195 ⋅ dec 
[{3,4,5(C12)Cu}Ho] Cr ⋅ 96 ⋅ Colh ⋅ 199 ⋅ dec 
[{3,4,5(C12)Cu}Er] Cr ⋅ 96 ⋅ Colh ⋅ 192 ⋅ dec 
[{3,4,5(C12)Cu}Tm] Cr ⋅ 93 ⋅ Colh ⋅ 199 ⋅ dec 
[{3,4,5(C12)Cu}Yb] Cr ⋅ 94 ⋅ Colh ⋅ 198 ⋅ dec 
[{3,4,5(C12)Cu}Lu] Cr ⋅ 92 ⋅ Colh ⋅ 194 ⋅ dec 
 
The structural change of the compounds has also an effect on the thermal 
behaviour. The average melting point of the trinuclear complexes is more 
than 10 °C lower than that of the binuclear complexes. However, within the 
same structure, binuclear or trinuclear, there is no pronounced effect of the 
lanthanide ion on the transition temperatures of these copper-complexes. 
The type of mesophase in all compounds is expected to be Colh based on 
the previous findings of the [{3,4,5(C14)Cu}nLn]-complexes. Time resolved 
high-temperature synchrotron X-ray diffraction measurements were also 
performed on these compounds, but did not yield perfect diffractograms. 
Only the d10 reflection and the broad halo around 4.5 Å were detectable. 
The lattice parameter a ( 3/d2 10=a ) was calculated from this d10 peak and 
is summarized in Table 4.4. At 25 °C this lattice parameter a shows an 
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increase of ca. 10 Å going from the trinuclear complexes to the binuclear 
complexes. This increase disappears in the mesophase temperature region, 
indicating that all the complexes exhibit the same liquid-crystalline phase, 
Colh. 
Table 4.4: Lattice parameter a of the [{3,4,5(C12)Cu}nLn]-complexes 
at 25 °C and at 120 °C 
 a (Å) 
Complex  25 °C  120 °C 
[{3,4,5(C12)Cu}2La]  42.1  39.1 
[{3,4,5(C12)Cu}2Pr]   41.3   39.1 
[{3,4,5(C12)Cu}2Nd]   41.3   39.8 
[{3,4,5(C12)Cu}Sm]   51.2   40.5 
[{3,4,5(C12)Cu}Eu]   55.1   39.1 
[{3,4,5(C12)Cu}Gd]   52.4   39.1 
[{3,4,5(C12)Cu}Tb]   52.4   39.1 
[{3,4,5(C12)Cu}Dy]   53.7   39.1 
[{3,4,5(C12)Cu}Ho]   55.1   39.8 
[{3,4,5(C12)Cu}Er]   53.7   39.8 
[{3,4,5(C12)Cu}Tm]   53.7   39.1 
[{3,4,5(C12)Cu}Yb]   52.4   39.8 
[{3,4,5(C12)Cu}Lu]   53.7   39.1 
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4.4 Influence of the d ion 
We changed the d-metal ion into Ni2+ instead of Cu2+, and the effect on the 
structure and thermal behaviour is remarkable. We also checked the 
influence of the lanthanide ion and chain length on these nickel-complexes. 
The synthesis of these nickel-complexes is analogous to that of the copper-
complexes. Experimental details are summarized in the experimental section 
at the end of this chapter. 
4.4.1 Structure of the compounds 
As can be expected from the results of the previous described 
{3,4,5(Cx)Cu}-complexes, all the parent {3,4,5(Cx)Ni}-complexes are 
mononuclear. 
The structure of the [{3,4,5(Cx)Ni}nLn]-complexes was first determined by 
elemental analysis and confirmed by IR measurements. By comparing the 
stoichiometry of the copper-lanthanide complexes (described in section 4.3) 
with these nickel-complexes there is a remarkable difference. In the mixed 
complexes with a copper(II) ion, the size of the lanthanide ion is a 
determining factor for the structure of these complexes. We found that a 
lanthanide (Ln = La-Nd) ion is big enough to bind two copper complexes, 
resulting in a trinuclear Cu-Ln-Cu complex, while the for Ln = Sm-Lu, the 
lanthanide is too small and only binds one copper complex, resulting in a 
binuclear Cu-Ln complex. The situation is totally different if we concern the 
nickel complexes. All of the studied mixed complexes were trinuclear 
(Figure 4.18).  
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Figure 4.18: Trinuclear [{3,4,5(Cx)Ni}2Ln]-complex 
These findings are confirmed by IR measurements. While in the Cu-Ln 
complexes the C=N stretching bond increases from 1643 cm-1 for La to 
1651 cm-1 for Gd, this value remains constant (within the detection limit of 
the apparatus) at 1628 cm-1 for the Ni-Ln complexes. The similar IR spectra 
in the Ni-Ln complexes suggests that they have similar, thus trinuclear, 
structures: [{3,4,5(Cx)Ni}2Ln]. 
4.4.2 Thermal properties 
The thermal behaviour of the metal complexes was studied by polarizing 
optical microscopy (POM), by differential scanning calorimetry (DSC) and 
by synchrotron X-ray diffraction measurements.  
Just as the copper complex {3,4,5(C14)Cu}, the nickel complexes 
{3,4,5(Cx)Ni} were found to be enantiotropic liquid crystals. The 
mesophases were identified as a hexagonal columnar mesophase Colh on the 
basis of the optical textures. On cooling from the isotropic phase, dendritic 
features grow slowly (Figure 4.19), resulting in a columnar phase. Good 
optical textures could be obtained in this way, whereas on heating the 
texture contained no typical features.  
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Figure 4.19: Texture of {3,4,5(C12)Ni} (200x magnification) 
The transition temperatures of the {3,4,5(Cx)Ni}-complexes are 
summarized in Table 4.5. 
Table 4.5: Transition temperatures of the {3,4,5(Cx)Ni}-complexes 
Complex Transition temperatures (°C) 
{3,4,5(C12)Ni} Cr ⋅ 52 ⋅ Colh ⋅ 174 ⋅ I 
{3,4,5(C14)Ni} Cr ⋅ 65 ⋅ Colh ⋅ 139 ⋅ I 
{3,4,5(C16)Ni} Cr ⋅ 71 ⋅ Colh ⋅ 111 ⋅ I 
{3,4,5(C18)Ni} Cr ⋅ 74 ⋅ Colh ⋅ 94 ⋅ I 
 
The chain length has a substantial influence on the transition temperatures 
of these complexes. While the melting point increases with increasing chain 
length, the clearing point decreases (Figure 4.20).  
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Figure 4.20: Influence on the chain length on the thermal behaviour  
of the {3,4,5(Cx)Ni}-complexes 
Apparently, the extension of the chain decreases the thermal stability of the 
mesophase. The ratio rigid core : flexible chains is out of balance for the 
very long chains. 
Whereas the copper-lanthanide complexes decompose upon heating, the 
corresponding nickel-lanthanide complexes can be heated above the clearing 
point without thermal decomposition. However, the thermal stability range 
of the mesophase of both these types of complexes are comparable. Based 
on the texture observed under the polarizing microscope, the mesophase 
was identified as Colh (Figure 4.21). The viscosity of the mesophases is quite 
high, but a gradual decrease in viscosity can be observed with increasing 
temperature. At the melting point, the mesophase does not flow. However, 
when one presses with a needle on the cover glass of the sample, fluidity is 
observed.  
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Figure 4.21: Texture of [{3,4,5(C12)Ni}2Gd] at 228 °C (200x magnification) 
The thermal data of the [{3,4,5(Cx)Ni}2Ln] have been summarized in Table 
4.6. The melting points of the nickel-lanthanide complexes are comparable 
with those of the parent nickel complexes. However, the nickel-lanthanide 
complexes exhibit the mesophase over a larger temperature-range than the 
corresponding nickel complexes.  
Table 4.6: Transition temperatures of the [{3,4,5(Cx)Ni}2Ln]-complexes 
Complex Transition temperatures (°C) 
[{3,4,5(C12)Ni}2La] Cr ⋅ 59 ⋅ Colh ⋅ 230 ⋅ I 
[{3,4,5(C14)Ni}2La] Cr ⋅ 81 ⋅ Colh ⋅ 206 ⋅ I 
[{3,4,5(C16)Ni}2La] Cr ⋅ 90 ⋅ Colh ⋅ 192 ⋅ I 
[{3,4,5(C12)Ni}2Gd] Cr ⋅ 69 ⋅ Colh ⋅ 224 ⋅ I 
[{3,4,5(C18)Ni}2Gd] Cr ⋅ 82 ⋅ Colh ⋅ 177 ⋅ I 
 
The nickel-lanthanum complexes have a larger mesophase stability range 
than the corresponding gadolinium complexes and this is shown in Figure 
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4.22. This is the same trend as observed for salicylaldimine Schiff’s base 
complexes with nitrate counter ions.11  
Ni Ni-La Ni-Gd
0
25
50
75
100
125
150
175
200
225
250
CrCrCr
 
ColH ColH ColH
Te
m
pe
ra
tu
re
 (°
C
)
 
Figure 4.22: Influence of the lanthanide ion on the thermal behaviour  
of the [{3,4,5(C12)Ni}2Ln]-complexes 
As can be seen in Figure 4.23, the chain length also has an influence on the 
transition temperatures of the [{3,4,5(Cx)Ni}2La]-complexes. Just as in the 
case of the parent {3,4,5(Cx)Ni}-complexes, the melting point increases and 
the clearing point decreases with increasing chain length, and thus, the 
global effect is a decrease of the mesophase stability range. 
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Figure 4.23: Influence of the chain length on the thermal behaviour 
of the [{3,4,5(Cx)Ni}2La]-complexes 
Although several types of metallomesogens based on salen-type Schiff’s base 
ligands have been described in the literature,12,13 it is difficult to compare our 
results with these literature data because of the differences in substitution 
pattern. Most of these mesomorphic metal complexes (see further) exhibit 
smectic mesophases (smectic A, smectic C, smectic E, or unidentified 
smectic phases). Our trinuclear nickel-lanthanide complexes with twelve 
terminal alkoxy chains have disc-like shapes, and thus form discotic 
mesophases. 
The different thermal and structural properties between the CuII and NiII 
complexes at first seems curious, until one considers their structure. The 
organic ligand in the complex remains unchanged from one transition metal 
to the other. Only the ionic diameter of the CuII ion is different from that of 
the NiII ion. The CuII ion is displaced from its equatorial plane, formed by 
the two oxygen donor atoms and the two nitrogen donor atoms, by 0.12 Å.4 
This can lead to the lowering of the thermal stability of these Cu(salen) 
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complexes. The NiII ion has a more favorable ionic diameter in the salen 
core and it is only displaced by 0.05 Å from the equatorial plane.17 This is 
primarily seen in the increased thermal stability of the nickel compounds.  
4.5 Influence of the nature of substitution 
In the previous paragraph, we attached bulky alkoxy substituted benzoates 
to the ‘original’ salen molecule, resulting in columnar mesophases. These 
ligands as well as the d-metal and f-d complexes were new compounds and 
never synthesized before. In this paragraph we will describe f-d complexes 
based on existing ligands and d-metal complexes depicted in Figure 4.24, 
where alkoxy chains are attached to the ‘original’ salen molecule. 
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Figure 4.24: General structure of the alkoxy substituted salen ligand  
As starting products towards these supramolecular f-d compounds, alkoxy 
substituted salen ligands (Cx) with chain length x = 6, 8, 10, 12, 14 and 16 
are complexated by a CuII ion. The structure and thermal properties of the 
ligands (C6) and (C8) and of the complexes {(C6)Cu} and {(C8)Cu} were 
already described in the literature by Paschke et al.12 and by Shaffer et al..13 
The ligands do not show any liquid-crystalline behaviour but are very 
suitable for producing complexes with straight and rigid molecular 
structures. The copper-complexes with these ligands are therefore planar 
and rod-like and exhibit calamitic smectic A phases. The thermal stability of 
these complexes is poor and thermal decomposition occurs increasingly on 
heating towards the clearing temperature. The other copper-complexes are 
new compounds, but they exhibit the same thermal behaviour as their 
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shorter analogs. Hoshino14 has reviewed a body of work involving liquid-
crystalline phases in this family of transition metal complexes of 
salicylaldimines. 
Up till now, nobody thought of exploring the properties of f-d complexes of 
these compounds. Since it is in the line of this PhD-thesis, we synthesized 
supramolecular f-d metallomesogens with La-, Gd- and Yb-nitrate and 
studied the structure of the mesophase with DSC, POM and XRD. 
4.5.1 Synthesis 
Even though these complexes seem simpler than the previous ones, the 
synthesis of these complexes also requires 5 steps to avoid side reactions. 
Step 1: 
The first reaction in the synthesis towards calamitic complexes is the 
alkylation of hydroquinone (Figure 4.25). 
HO OH HO OR
PEG-200, 110°C, 12h, argon 
RBr, K2CO3
 
Figure 4.25: Alkylation of hydroquinone 
This Williamson etherification usually takes place with a strong base and in 
energetic conditions (high temperature). The selectivity of this reaction is 
very weak, because there are two sites with the same reactivity. Mixtures of 
mono- and dialkylated products are generally formed and have to be 
separated by chromatographic methods. One way to avoid these problems is 
to use 4-benzyloxyphenol as starting product. After the alkoxylation the 
protecting group is removed by hydrogenolysis using a Pd-catalyst (Figure 
4.26). 
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Figure 4.26: Alkoxylation of hydroquinone starting from 4-benzyloxyphenol 
This reaction pathway is not general for other polyhydroxybenzenes because 
it is necessary to start from 4-benzyloxyphenol. Moreover, a simple one step 
reaction is replaced by a two-step reaction, which is time consuming. 
Berdagué et al.15 described a new and simple method based on polyethylene 
glycol (PEG) as solvent or cosolvent. PEG can substitute crown ethers in 
several reactions with a good ratio selectivity : price and it is more stable in a 
strong basic environment on high temperatures. It is a protic solvent with 
aprotic complexation sites, so it can solve salts in the presence of an organic 
substrate. Moreover, PEG can form a complex with a K+ ion and thus 
activate the corresponding anion (Figure 4.27). 
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Figure 4.27: Complexation of K+ with PEG 
To accomplish this complexation, it is necessary that the PEG contains 
minimum four monomers. So we will use PEG-200 (PEG with an average 
molecular weight of 200). The quite small MW has some advantages, such as 
low viscosity and water solubility. This makes of PEG a solvent that is easily 
removed from the reaction product just by extracting the reaction mixture 
with an organic solvent i.e. diethyl ether, dichloromethane and chloroform.  
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According to the results described by Berdagué et al. the optimum reaction 
conditions for our specific reaction are:  
9 KHCO3 as base 
9 Temperature of 80 °C 
9 Dioxane as cosolvent 
9 4 hours reaction time 
Step 2: 
RO OH RO OH
CHO
SnCl4, Bu3N, (CH2O)n
toluene, 100°C, 10h, argon
 
Figure 4.28: Monoformylation of the alkylated hydroquinone 
The second step in the synthesis towards our salen-ligand requires 
monoformylation selectively ortho to the hydroxyl group (Figure 4.28). We 
based ourselves on an article published some years ago by Casiraghi et al..16 
They treat the monoalkylated hydroquinone with 2 mole equivalents of 
paraformaldehyde in toluene in the presence of SnCl4 coupled with Bu3N. 
The most important intermediate complex is depicted in Figure 4.29 and the 
reaction mechanism is explained in Appendix A.3. 
RO O
Sn
H2C O
 
Figure 4.29: Intermediate complex in the monoformylation of the 4-alkoxyphenol 
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Based on this complex, the yield of this reaction is influenced by three 
factors: 
9 Base: More sterically hindered compounds are more efficient because 
they don’t compete with CH2=O for co-ordination sites of the metal 
atom. Moreover, they need to have the property to trap the released 
hydrogen chloride. 
9 Solvent: Because solvatation will retard the process, poor donor agents 
that don’t solvate the phenolate metal counter ion, are required. 
9 Substituents: According to the findings of Casiraghi et al., the 
substituents seems to follow the pattern expected for an electrophilic 
aromatic substitution reaction. Electron-donation substituents promote 
the reaction while the opposite is true for electron-withdrawing groups. 
Step 3 + 4 + 5: 
These three steps, involving imine formation, complexation of a d-metal ion 
and complexation of a lanthanide ion, are summarized in Scheme 4.1. 
Because these three reactions are performed in the same way as the last 
three reaction steps of the previous complexes, they are not further 
discussed here. 
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Scheme 4.1: Synthesis of the mixed f-d rod-like complex 
4.5.2 Structure of the compounds 
The structure of the {(C6)Cu} complex was described by Paschke et al..17 
The structure consists of isolated molecules with weak pairwise links 
between the copper atoms and the alkoxy oxygen atoms (Cu⋅⋅⋅O = 3.53 Å) 
of adjacent molecules. The molecular pairs so formed are further linked into 
pseudo-polymeric chains by weaker (4.01 Å) interactions of the outer alkoxy 
oxygens with the copper atoms of adjacent pairs. These arrangements are 
expected to be prototypical of these molecules, as is the Cu-Cu distance, 
which is relatively large in this type of dimeric linkage and was found to be 
6.92 Å for this complex. The alkoxy chains adopt the all-trans conformation 
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and are oriented with respect to the central molecular core in such a way 
that the molecule as a whole has a maximum stretched form. 
According to the CHN results, all Cu-Ln complexes [{(Cx)Cu}2Ln] are 
trinuclear. These results are in contrast with the previously described 
[{3,4,5(Cx)Cu}nLn] where n = 2 for Ln = La-Nd and n = 1 for 
Ln = Sm-Lu. These bulky ligands require sufficient space that smaller 
lanthanides cannot give them. However, in the case of the alkoxy 
substituted salen ligands (Cx), even the smaller lanthanides form complexes 
with two of these ligands. 
4.5.3 Thermal properties 
None of the salen ligands (Cx) with x = 6, 8, 10, 12, 14 or 16 displays 
thermotropic mesomorphism and upon heating, they all melt at 
temperatures which progressively decrease with increasing alkoxy chain 
length. A possible explanation for this lack of liquid crystallinity is shown in 
Figure 4.30, where it can easily be seen that the elongated ligand does not 
have an optimum length : width ratio. In other words; the molecule is not 
rod-like enough to exhibit calamitical mesomorphism. Moreover, the lack of 
rigidity within the center is also not favorable for the formation of a 
mesophase. 
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Figure 4.30: Molecular shape of the (Cx) ligand 
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Complexation of the salen ligands with CuII induces mesomorphism. 
According to the above discussion concerning the geometry suggested for 
the uncomplexed ligands, this result can be ascribed to the rod-like 
molecular shape, which the complexes adopt. The copper ion locks the 
conformation of the salen ligand in a rod-like one. There is a lot of 
contradiction about the transition temperatures of these copper complexes. 
The DSCs of these complexes are indeed confusing. The DSC curve of 
{(C6)Cu} is shown in Figure 4.31. 
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Figure 4.31: DSC curve of {(C6)Cu} (endothermic peaks are pointed upwards) 
On the basis of this DSC curve, no unequivocal conclusions can be drawn, 
and as usual, POM measurements are necessary. By heating this sample 
nothing could be observed by POM measurements at 75 °C and probably a 
recrystallization occurs. Liquid-crystallinity can be observed between 128 °C 
and 264 °C. At first, the viscosity of the sample is very high, but the fluidity 
increases by increasing temperature. Around 260°C, the compound starts to 
decompose and crystallites are observed in a melt. By further heating, 
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further decomposition occurs. This thermal behaviour is in agreement with 
Schaffer et al.,13 who assigned the phase as a smectic A phase. However, 
Paschke et al.12 described the area between 264 °C and 282 °C (see Figure 
4.31) as liquid-crystalline. Indeed, the enthalpy-change according to this high 
peak is 21.7 kJ/mol, which is typically for a melting process (first-order 
transition).  
Hence, high temperature X-ray diffraction on the analogous compound 
{(C16)Cu} was performed and it ensured us that it is liquid-crystalline before 
reaching the high endothermic peak. Therefore, the theory of Schaffer et 
al.13 is followed for the transition temperatures of these 
{(Cx)Cu}-complexes. 
The transition temperatures of these copper-complexes are summarized in 
Table 4.7. 
Table 4.7: Transition temperatures of the {(Cx)Cu}-complexes 
Complex Transition temperatures (°C) 
{(C6)Cu} Cr ⋅ 129 ⋅ SmA ⋅ 264 ⋅ dec 
{(C8)Cu} Cr ⋅ 125 ⋅ SmA ⋅ 242 ⋅ dec 
{(C10)Cu} Cr ⋅ 122 ⋅ SmA ⋅ 228 ⋅ dec 
{(C12)Cu} Cr ⋅ 118 ⋅ SmA ⋅ 214 ⋅ dec 
{(C14)Cu} Cr ⋅ 102 ⋅ SmA ⋅ 203 ⋅ dec 
{(C16)Cu} Cr ⋅ 97 ⋅ SmA ⋅ 193 ⋅ dec 
 
As can be seen in Figure 4.32, the melting point is not much affected by the 
chain length of the ligand. Only for the longer chain lengths, a small 
increase can be noticed. The onset of decomposition, on the other hand, 
steadily decreases by increasing chain length. 
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Figure 4.32: Influence of the chain length on the thermal behaviour  
of the {(Cx)Cu}-complexes 
What effect has the formation of trinuclear [{(Cx)Cu}2Ln]-complexes on the 
thermal behaviour of these parent {(Cx)Cu} mesogens? First of all, the 
DSCs are less confusing, as can be seen in Figure 4.33, where the DSC 
curve of [{(C14)Cu}2Gd] is shown. Only one first-order endothermic peak at 
132 °C is observable before the decrease of the baseline around 200 °C. A 
strong assumption that the sample is liquid-crystalline between 132 °C and 
200 °C is confirmed by POM measurements. Just after the melting point, a 
birefringent fluid is observed, without a typical texture. Decomposition 
occurs around 200 °C before the sample has the chance to clear. Therefore, 
cooling of the sample from the isotropic liquid is not possible and for the 
identification of the mesophase XRD measurements are necessary. 
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Figure 4.33: DSC curve of [{(C14)Cu}2Gd]  
(endothermic peaks are pointed upwards) 
All the samples exhibit more or less the same thermal behaviour and a trend 
in viscosity is observed. The smaller the chain length, the more viscous the 
mesophase is, and for [{(C6)Cu}2Ln] even no fluidity is observed just after 
the melting point. However, by further heating the viscosity decreased and 
fluidity can be observed. 
When high-temperature X-ray diffraction is applied on the [{(C16)Cu}2Gd]-
complex, the diffraction pattern shown in Figure 4.34 is observed. Only the 
first and second order reflections can be seen in the diffractogram. Since 
these peaks are equal with the d-spacings 35.65 Å and 17.81 Å, thus in the 
ratio 1 : 2, we can conclude that the compound is present in a lamellar state 
(smectic phase). The calculated length of this complex is 52 Å, which is 
considerable more than the d-spacing in the mesophase. From this we can 
conclude that the alkoxy chains are interdigitated. 
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Figure 4.34: XRD pattern of [{(C16)Cu}2Gd]  
To identify the type of smectic mesophase, the influence of the temperature 
on the layer spacing is studied. If the layer spacing decreases, a smectic A 
phase is present, when it increases, we are dealing with a smectic C phase. 
By heating our sample over 10 °C, the d-spacing diminishes from 35.65 Å at 
170 °C to 35.57 Å at 180°C. Thus, just as the parent copper-complexes, 
these f-d metallomesogens exhibit a SmA mesophase. 
The melting temperatures of the [{(Cx)Cu}2Ln]-complexes are given in 
Table 4.8 and these data are graphically represented in Figure 4.35. 
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Table 4.8: Transition temperatures (Cr → SmA) of the [{(Cx)Cu}2Ln]-complexes 
Chain length Transition temperature (°C): Cr → SmA 
↓  La Gd Yb 
C6  159 165 174 
C8  134 147 167 
C10  / 141 148 
C12  108 132 / 
C14  109 132 142 
C16  96 128 134 
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Figure 4.35: Transition temperatures (Cr → SmA) of the [{(Cx)Cu}2Ln]-complexes 
([{(C10)Cu}2La] and [{(C12)Cu}2Yb] are excluded) 
A global effect of decreasing melting point with increasing chain length is 
noticed. This can be attributed to the fact that the molecules with long 
chains are more difficult to pack in the crystalline phase than smaller 
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molecules. At first sight, the lanthanide ion also has an effect on the thermal 
behaviour of these complexes. In favor of a more detailed study, 
[{(C16)Cu}2Ln]-complexes with Ln = La, Nd, Gd, Ho and Yb are 
synthesized. Their thermal behaviour is graphically shown in Figure 4.36. 
The melting point of the complexes increases towards the heavier 
lanthanides, while the decomposition temperature remains rather constant. 
This results in a decrease of the mesophase stability range by decreasing 
ionic radius, a trend that is often seen throughout this PhD-thesis. 
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Figure 4.36: Influence of the lanthanide ion on the thermal behaviour  
of the [{(C16)Cu}2Ln]-complexes 
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4.6 Influence of the linking group 
Another part of the ligand, discussed in the beginning of this chapter, which 
we can change, is the type of linking group. So far, the only used linking 
group was ethylenediamine, shown in Figure 4.37. 
NH2H2N
 
Figure 4.37: Ethylenediamine 
The dimensions of the central core established by this building block can 
form a complex with a CuII-ion and are perfect to form a complex with a 
NiII-ion. Moreover, the deprotonated form of this ligand carries two 
negative charges and reacts very easily with the divalent positive metal ions. 
The incorporation of new linking groups can extend our research to other 
metal combinations. The three new linking groups we used are schematically 
shown in Figure 4.38. Each of them will be discussed throughout this 
paragraph. 
H2N NH2
H2N N NH2
H
H2N
OH
NH2
1,3-diamino-2-propanol1,2-diaminobenzene bis-(2-aminoethyl)-amine
 
Figure 4.38: Different amines used as linking group 
The synthesis of these different complexes is in se the same as the previous 
f-d complexes; only a different linking group is used. The experimental 
results are summarized at the end of this chapter. 
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4.6.1 Complexes with 1,2-diaminobenzene 
The central core of this ligand is not much different from that of 
ethylenediamine. Therefore, the ligands are complexated with CuII and NiII 
ions, and a f-d complex is formed with lanthanum nitrate as the lanthanide 
salt. 
4.6.1.1 Structure of the compounds 
The d-metal complexes with CuII and NiII are all mononuclear 
{3,4,5(C14)? M}. The f-d complexes of these parent compounds with 
lanthanum nitrate are all trinuclear (as expected on the basis of previously 
described compounds) and the nickel complex is depicted in Figure 4.39. 
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Figure 4.39: Trinuclear [{3,4,5(C14)? Ni}2La]-complex 
4.6.1.2 Thermal properties 
The thermal properties are studied by DSC and POM measurements. The 
3,4,5(C14) ligand, thus with ethylenediamine as the linking group, was not 
liquid-crystalline. We thought that the reason for the lack of liquid 
crystallinity was that the central core of this ligand was not rigid enough due 
to the flexible =N-(CH2)2-N= part. By making this C-C bonding rigid, by 
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using 1,2-diaminobenzene as the linking group, we hoped to introduce 
liquid crystallinity in the ligand. Unfortunately, this was not the case. The 
3,4,5(C14)? ligand melts at 67 °C into an isotropic liquid. 
The d-metal complexes {3,4,5(C14)? Ni} and {3,4,5(C14)? Cu} are both 
enantiotropic liquid crystals and their transition temperatures are 
summarized in Table 4.9, together with those of [{3,4,5(C14)? Cu}2La] and 
[{3,4,5(C14)? Ni}2La]. 
Table 4.9: Transition temperatures of the {3,4,5(C14)? M}-  
and the [{3,4,5(C14)? M}2La]-complexes 
Complex Transition temperatures (°C) 
{3,4,5(C14)? Cu} Cr ⋅ 39 ⋅ ColX ⋅ 170 ⋅ I 
{3,4,5(C14)? Ni} Cr ⋅ 61 ⋅ ColX ⋅ 133 ⋅ I 
[{3,4,5(C14)? Cu}2La] Cr ⋅ 69 ⋅ ColX ⋅ 192 ⋅ dec. 
[{3,4,5(C14)? Ni}2La] Cr ⋅ 85 ⋅ ColX ⋅ 218 ⋅ I 
 
The viscosity of these samples just above the melting point is quite high, but 
as usual, it decreases with increasing temperature. We should be able to 
identify the mesophase by slow cooling from the isotropic phase. However, 
the similarity between the textures of the various columnar mesophases 
does not allow for the easy identification of these mesophases (Figure 4.40). 
This becomes even more difficult when the compounds decompose before 
clearing, as in the case of [{3,4,5(C14)? Cu}2La]. The texture of 
[{3,4,5(C14)? Ni}2La] on cooling from the isotropic phase is also not 
typical. Therefore, the mesophase could not be identified unambiguoulsy. 
 
− Supramolecular f-d metallomesogens − 
 
142 
 
Figure 4.40: Texture of {3,4,5(C14)? Ni} at 132 °C (200x magnification) 
4.6.2 Complexes with 1,3-diamino-2-propanol 
Another new ligand, based on the “original” salen 3,4,5(C14) ligand, can be 
obtained from the Schiff’s base condensation of 3-formyl-4-hydroxyphenyl-
3,4,5-tritetradexyloxybenzoate with 1,3-diamino-2-propanol. The central 
core, shown in Figure 4.41, contains three hydroxyl groups and it is more 
extended comparing to the central core with ethylenediamine or 1,2-
diaminobenzene. Due to these structural changes, a complex with a trivalent 
lanthanide ion should be possible.  
OH
N
OH
HO
N
 
Figure 4.41: Central core of the 3,4,5(C14)٨٨ ligand 
4.6.2.1 Structure of the compounds 
The complexes are synthesized with Ln(OOCCH3)3.xH2O as the lanthanide 
salt. The acetate reacts with the protons of the three hydroxyl groups of the 
central core, which results in a ligand carrying three negative charges. As a 
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result, the lanthanide ion does not need counter ions to neutralize its 3+ 
electric charge. Elemental analysis (CHN) results give us a first idea of the 
structure of the lanthanide complex. This reveals a 1 : 1 ratio of metal to 
ligand. However, a discrete complex of one lanthanide ion with one ligand 
does not seem reasonable. Since, CHN does not demonstrate the presence 
of counter ions or water molecules, the coordination number of the 
lanthanide in a complex with one ligand is 5. To enhance this number to 6, 
which is still quite low but possible, a conceivable structure of a 1 : 1 (or 
2 : 2) complex is depicted in Figure 4.42. Moreover, MALDI-TOF 
measurements on these compounds showed the presence of a molecular ion 
peak according to such a 2 : 2 structure. 
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Figure 4.42: Possible structure of [{3,4,5(C14)٨٨}2Ln2] 
To double check if the complex is really formed or if it is a mixture of ligand 
with lanthanide, we investigate the IR absorption spectra. A sharp 
absorption at 1641 cm-1 in the free ligand is assignable to a stretching 
vibration involving the C=N group. In the lanthanide complexes, this 
vibration decreases slightly in frequency to 1633 cm-1.  
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4.6.2.2 Thermal properties 
Surprisingly, the 3,4,5(C14)٨٨ ligand exhibits mesomorphic properties. 
Observation of the thermal properties by polarized light microscopy (POM) 
showed a monotropic liquid-crystalline behaviour of the sample. On heating 
the sample an isotropic liquid is obtained at 82 °C, which was confirmed by 
a strong peak (82.14 kJ mol-1) in the first heating run of the DSC curve. 
Heating was continued above 100 °C, and the sample was cooled down. 
The appearance of dendritic features indicates the formation of a columnar 
phase (Figure 4.43). A peak of –2.50 kJ mol-1 in the DSC curve corresponds 
to this transition.  
 
 
Figure 4.43: Texture of 3,4,5(C14)٨٨ at 58 °C (500x magnification) 
The phase remains stable down to room temperature. In the second heating 
run, the sample clears at 62 °C. Thus, the thermal properties can be 
summarized as follow: Cr ⋅ 82 ⋅ (Colh ⋅ 62) ⋅ I 
The identification of the mesophase as Colh could not be completely 
established by high-temperature X-ray diffraction (Figure 4.44). However, 
which such an important number of chains, we can imagine the phase to be 
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columnar, which was also confirmed by POM measurements. Since only 
one diffraction peak (d10) was observed in the small-angle region, the most 
likely possibility is a Colh phase. 
0.00 0.05 0.10 0.15 0.20 0.25 0.30
0
5000
10000
15000
20000
25000
I
d10
 
In
te
ns
ity
 (a
.u
.)
s (1/Å)  
Figure 4.44: XRD pattern of 3,4,5(C14)٨٨ at 50 °C (first cooling run) 
All the [{3,4,5(C14)٨٨}2Ln2]-complexes where Ln = Nd, Sm and Gd are 
liquid-crystalline. Their transition temperatures are summarized in Table 
4.10. 
Table 4.10: Transition temperatures of the [{3,4,5(C14)٨٨}2Ln2]-complexes 
Complex Transition temperatures (°C) 
[{3,4,5(C14)٨٨}2Nd2] Cr ⋅ 116 ⋅ Colr ⋅ 257 ⋅ dec. 
[{3,4,5(C14)٨٨}2Sm2] Cr ⋅ 108 ⋅ Colr ⋅ 227 ⋅ dec. 
[{3,4,5(C14)٨٨}2Gd2] Cr ⋅ 106 ⋅ Colr ⋅ 236 ⋅ dec. 
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The identification of the mesophase as Colr could not be established by 
optical textures, because of the decomposition before clearing. Temperature 
dependent X-ray diffraction was performed on [{3,4,5(C14)٨٨}2Nd2] and 
[{3,4,5(C14)٨٨}2Gd2]. Both the complexes displayed identical X-ray features 
and the XRD pattern of the Nd-complex at 200 °C is shown in Figure 4.45. 
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Figure 4.45: XRD pattern of the [{3,4,5(C14)٨٨}2Nd2]-complex at 200 °C 
Six reflections can be observed: 
9 a diffuse scattering halo (II) in the wide-angle region, corresponding to 
the liquid-like disorder of the aliphatic chains and rigid parts, at ca. 4.5 Å 
distance; 
9 a less diffuse halo (I) seen at 9.6 Å; 
9 four sharper reflections (d11, d20, d22, d40) corresponding to the 
indexation [hk] = [11], [20], [22] and [40]. 
These features are typical for a rectangular lattice with a centered unit cell as 
shown in Figure 4.46. 
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a
b
 
Figure 4.46: Unit cell of the rectangular columnar phase 
Some characteristic parameters are summarized in Table 4.11. The similarity 
of the a en b parameters indicate that the rectangular is also nearly a square. 
The molecular volume is in good agreement with the volume of the 
rectangular cell (1 molecule per columnar unit, 4.5 Å thick). 
Table 4.11: XRD data (at 200 °C) of the [{3,4,5(C14)٨٨}2Ln2]-complexes 
Ln dmeas [Å] [hk] dcalc [Å]   
Nd (1) 38.25 [11] 38.25 Colr – c2mm VMol = 6490 Å3 
 (2) 26.0 [20] 26.0 a = 52.0 Å Vcell = 6720 Å3 
 (3) 19.1 [22] 19.1 b = 56.45 Å  
 (4) 13.15 [40] 13.15 s = 2935 Å
2  
 (5) 9.6 br    
 (6) 4.5 br    
Gd (1) 38.3 [11] 38.6 Colr – c2mm VMol = 6530 Å3 
 (2) 26.2 [20] 26.2 a = 52.4 Å Vcell = 6615 Å3 
 (3) 19.3 [22] 19.15 b = 56.1 Å  
 (4) 13.2 [40] 13.1 s = 2940 Å2  
 (5) 9.7 br    
 (6) 4.5 br    
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4.6.3 Complexes with bis-(2-aminoethyl)-amine 
Throughout this chapter, transition metals and lanthanides were used to 
form complexes with different salen ligands. One metal ion that has 
properties of the former, since it can take different oxidation states, and also 
of the latter, since the valence orbitals are f-shells, is uranium. The most 
stable form is U(VI) as UO22+. Its linear geometry makes it suitable to form 
complexes with salen ligands, in an equatorial plane. Since U(VI) has a 
diameter of 2.8 Å it fits in the salen core18 but it is recommended to extend 
this core by using bis-(2-aminoethyl)-amine as the linking group. 
Because the difficult interpretation of the columnar phases, we coupled this 
molecule to the benzaldehyde with only one alkoxy chain as substituent (see 
paragraph 4.5). In this way, we may expect calamitic mesophases, which are 
easier to identify.  
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Figure 4.47: General representation of the {(Cx)∏ UO2}-complexes 
Three long chain lengths (C10, C12 and C14) are chosen with this intent to 
induce liquid crystallinity and study the influence of the chain length. 
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4.6.3.1 Structure of the compounds 
The {(Cx)∏ UO2}-complex may take the structure shown in Figure 4.48 
where the five donor atoms of the salen ligand are coordinated to U(VI) in a 
plane with the two oxygens of the uranyl group, UO2, perpendicular to it. 
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Figure 4.48: Suggested structure of the {(Cx)∏ UO2}-complexes 
4.6.3.2 Thermal properties 
The thermal properties were studied by POM and DSC. As can be seen in 
Figure 4.49, the DSC curve of these complexes shows two peaks. 
Unfortunately, these complexes are not liquid-crystalline according to POM 
measurements. When heating the sample, the compounds transform into a 
birefringent mass at a temperature corresponding to the first peak in the 
DSC curve. By further heating, the compounds decomposed without 
clearing. Since the sample did not show any fluidity between the melting 
point and the onset of decomposition, even not when pressing the needle 
on the cover glass, it is proposed to as a plastic crystal (denoted as Crp).  
The transition temperatures are summarized in Table 4.12. We can notice a 
decrease of the melting point with increasing chain lengths. This can be 
attributed to the interference of the flexible chains on the packing of the 
molecules. 
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Figure 4.49: DSC curve of {(C10)∏ UO2} 
(endothermic peaks are pointed upwards) 
Table 4.12: Transition temperatures of the {(Cx)∏ UO2}-complexes 
Complex Transition temperatures (°C) 
{(C10)∏ UO2} Cr · 200 · X · 330 · dec. 
{(C12)∏ UO2} Cr · 186 · X · 320 · dec. 
{(C14)∏ UO2} Cr · 174 · X · 330 · dec. 
X probably is Crp = plastic crystal  
 
When finishing this work, an article was published by Clark et al.19 about the 
first uranium-based metallomesogens. They used β-diketones as the ligand 
and obtained smectic C mesophases. 
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4.7 Conclusion 
We prepared the first examples of heteropolynuclear metallomesogens. The 
stoichiometry of the [{3,4,5(Cx)M}nLn]-complexes depends on the d-metal 
and the lanthanide ion. For M = Cu, n = 2 as Ln =La-Nd and n = 1 as 
Ln = Sm-Lu. For M = Ni, each lanthanide ion binds two d-metal ligands 
(n = 2). All these [{3,4,5(Cx)M}nLn]-complexes exhibit a columnar 
mesophase. While the CuII-LnIII complexes decompose without clearing, the 
NiII-LnIII complexes are thermally more stable and they clear without 
decomposition. The mesophase stability range of these NiII-LnIII complexes 
decreases by going from La to Lu and by increasing chain length. 
The [{(Cx)Cu}2Ln]-complexes are all trinuclear and exhibit a SmA 
mesophase due to their rod-like shape. The compounds decompose without 
clearing and their melting points decrease by going from La to Lu and with 
increasing chain length. 
The replacement of ethylenediamine with 1,2-diaminobenzene, does not 
have a substantial influence on the structure and thermal behaviour of the 
[{3,4,5(C14)? M}2La]-complexes. However, when we use 1,3-diamino-
2-propanol as the linking group, totally different systems are generated. 
Instead of a f-d complex, binuclear f-f complexes [{3,4,5(C14)٨٨}2Ln2] were 
formed, which exhibit rectangular columnar, Colr, mesophases. 
UO2-complexes {(Cx)∏ UO2} were synthesized but they did not show 
mesomorphic properties. 
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4.8 Experimental section 
4.8.1 Equipment 
1H-NMR spectra were recorded on Bruker Avance 300 and Bruker AMX-
400 NMR spectrometers. 
CHN elemental analyses were performed on a CE Instruments EA-1110 
elemental analyser.  
DSC measurements were carried out on a Mettler-Toledo DSC-822e 
module, using a helium flow of 30 mL/min. 
FTIR spectra were recorded on a Bruker IFS-66 spectrometer, using the 
KBr pellet method.  
Optical textures of the mesophase were observed with an Olympus BX60 
polarised optical microscope equipped with a Linkam THMS 600 hot-stage 
and a Linkam TMS 93 programmable temperature-controller. 
MALDI-TOF measurements were performed on a VG Tofspec SE 
(Micromass, UK) equipped with a N2-laser (337 nm). 
X-ray powder diffraction: Disc-like complexes: XRD patterns were obtained 
with two different experimental set-ups, and in all cases, the crude powder 
was filled in Lindemann capillaries of 1 mm diameter. A linear 
monochromatic CuKα1 beam (λ = 1.5405 Å) obtained with a sealed-tube 
generator (900 W) and a bent quartz monochromator were used (both 
generator and monochromator were manufactured by Inel). One set of 
diffraction patterns was registered with a curved counter Inel CPS 120, for 
which the sample temperature is controlled within ±0.05 °C; periodicities up 
to 60 Å can be measured. The other set of diffraction patterns was 
registered on Image Plate. The cell parameters are calculated from the 
position of the reflection at the smallest Bragg angle, which is in all cases the 
most intense. Periodicities up to 90 Å can be measured, and the sample 
− Chapter 4 − 
 
153 
temperature can be controlled within ±0.3 °C. Rod-like complexes: XRD 
patterns were measured at the University of Köln (Germany) on a STOE 
Transmission Powder Diffractometer System STADI P, with a high 
temperature attachment version 0.65.1 (temperature range from room 
temperature to 1000 °C). A linear monochromatic CuKα1 radiation 
(λ = 1.5405 Å) was used. 
Synchrotron X-ray measurements were made on the DUBBLE-beam line 
(BM 26) at the European Synchrotron Radiation Facility (ESRF) in 
Grenoble (France).20,21 Intensities were collected on a quadrant type detector 
at 0.70 m from the sample.22 Distances in real space between 2.97 and 133 Å 
could be covered by using an X-ray wavelength, λ = 0.62 Å (E = 20 keV). 
Flat samples of 1 mm thick, placed in a brass mould and covered by 
aluminium foils, were mounted in a Linkam THMS600 hot stage for 
temperature control. The heating rate used was 10 °C/min throughout. 
Scattering patterns were collected sequentially during 6 seconds, 
corresponding to one pattern for each centigrade in the temperature ramp. 
The scattering angles were calibrated using the reflections of silver behenate 
and silicon at room temperature. No corrections were done to account for 
the use of a flat detector. Data were corrected for the detector response and 
normalised to the intensity of the primary beam, measured at the detector 
position. For data reduction the XOTOKO programme was used.23 
4.8.2 Synthesis of the disc-like complexes 
The first two steps of the synthesis of the discotic complexes are the same 
for each type of complex. From then on, it is split into three parts according 
to the used linking group. 
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Synthesis of 3,4,5-tris(tetradecyloxy)benzoic acid 
Ethyl 3,4,5-trihydroxybenzoate (19.82 g, 0.1 mol), K2CO3 (55.28 g, 0.4 mol), 
TBAB (1.61 g, 5 mmol), MIBK (300 mL) and 1-bromotetradecane (97.05 g, 
0.35 mol), were added to a 1 L flask. Subsequently, the reaction mixture was 
heated to reflux and stirred overnight. The brown mixture was cooled below 
100 °C, and water (300 mL) was added. The aqueous layer was separated, 
and the organic layer was washed with water (300 mL), diluted HCl solution 
(300 mL, 1.0 M), and water (300 mL) again. The solvent was removed using 
a rotavap and the crude product was recrystallized from acetone.  
This product was resolved in ethanol with NaOH (16 g, 0.4 mol) and 
refluxed for 4 h. After allowing the solution to room temperature, the 
reaction mixture was poured into cold water. The pH was adjusted with 
dilute HCl. The precipitate was filtered off and recrystallized from DCM 
and washed with ethanol. Yield: 57 % (42.67 g). Elemental analysis calcd for 
C49H90O5 (MW = 749.24): C 77.52 %, H 11.95 %; found: C 77.56 %, 
H 11.98 %. 1H-NMR (δH, CDCl3, 300 MHz): 0.89 (9H, t, CH3), 1.27 (30H, 
m, CH2), 1.49 (6H, m, CH2CH2CH2O), 1.81 (6H, m, CH2CH2O), 4.03 (6H, 
t, CH2O), 7.33 (2H, d, H-aryl). M.p. = 72 °C 
Synthesis of 3-formyl-4-hydroxyphenyl-3,4,5-
tris(tetradecyloxy)benzoate 
To a mixture of 2,5-dihydroxybenzaldehyde (2.76 g, 0.02 mol) DCC 
(= N,N’-dicyclohexylcarbodiimide) (4.60 g, 0.022 mol) in 600 mL of 
dichloromethane was added 3,4,5-tris(tetradecyloxy)benzoic acid (15.16 g, 
0.02 mol) and DMAP (= 4-(N,N-dimethylamino)pyridine) (0.24 g, 
0.002 mol). The solution was stirred at room temperature for a period of 24 
hours. The precipitated N,N’-dicyclohexylurea was filtered off and washed 
with a sat’d NaHCO3 solution (2 × 400 mL) and water (2 × 400 mL). The 
aqueous layers were back-extracted with dichloromethane (200 mL). The 
combined organic layers were dried over MgSO4 and the solvent was 
− Chapter 4 − 
 
155 
removed using a rotavap. The crude compound was purified by column 
chromatography (silica, with dichloromethane as the eluants). Yield: 49 % 
(8.60 g). Elemental analysis calcd for C56H94O7 (MW = 879.34): C 76.49 %, 
H 10.77 %; found: C 76.56 %, H 10.83 %. 1H-NMR (δH, CDCl3, 300 MHz): 
0.89 (9H, t, CH3), 1.27 (30H, m, CH2), 1.50 (6H, m, CH2CH2CH2O), 1.81 
(6H, m, CH2CH2O), 4.05 (6H, t, CH2O), 7.06 (1H, d, Jo = 9.15 Hz, H-aryl), 
7.36 (1H, dd, Jo = 8.91 Hz, Jm = 2.84 Hz, H-aryl), 7.40 (2H, s, H-aryl), 7.44 
(1H, d, Jm = 2.58 Hz, H-aryl), 9.89 (1H, s, CHO), 10.96 (1H, s,OH). 
M.p. = 70°C 
4.8.2.1 Linking group = ethylenediamine 
Synthesis of 3,4,5(C14) 
To a solution of 3-formyl-4-hydroxyphenyl-3,4,5-tris(tetradecyloxy)benzoate 
(3.52 g, 0.004 mol) in 250 mL of toluene was added ethylenediamine (0.12 g, 
0.002 mol) and 5 drops of glacial acetic acid (as the catalyst). The mixture 
was heated during 3 hours at reflux and water formed by the reaction was 
removed azeotropically (Dean-Stark trap). After allowing the solution to 
cool to room temperature, the solvent was removed at reduced pressure. 
The crude product was purified by recrystallization from absolute ethanol. 
Yield: 89 % (3.17 g). Elemental analysis calcd for C114H192O12N2 
(MW = 1782.75): C 76.80 %, H 10.86 %, N 1.57 %; found: C 76.84 %, 
H 11.12 %, N 1.49 %. IR (KBr, cm-1): ν = 1637 (C=N); 1203 (C–O). 1H-
NMR (δH, CDCl3, 300 MHz): 0.88 (18H, t, CH3), 1.27 (60H, m, CH2), 1.49 
(12H, m, CH2CH2CH2O), 1.81 (12H, m, CH2CH2O), 4.04 (16H, m, CH2O, 
CH2N), 7.00 (2H, d, Jo = 8.76 Hz, H-aryl), 7.12 (2H, d, Jm = 2.68 Hz, H-
aryl), 7.15 (2H, dd, Jo = 8.61 Hz, Jm = 2.94 Hz, H-aryl), 7.39 (4H, s, H-aryl), 
8.37 (2H, s, CH=N), 13.12 (2H, s, OH). 
M.p. = 92°C 
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Synthesis of {3,4,5(C14)Cu} 
To a hot solution of 3,4,5(C14) (1.78 g, 0.001 mol) in chloroform was added 
dropwise a hot solution of Cu(OOCCH3)2.H2O (0.22 g, 0.0011 mol) in 
methanol. The reaction mixture was refluxed overnight. After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was crystallized from ethyl acetate, washed with 
methanol and dried in vacuo. Yield: 81 % (1.50 g). IR (KBr, cm-1): ν = 1640 
(C=N); 1206 (C–O). Elemental analysis calcd for C114H190O12N2Cu 
(MW = 1844.28): C 74.24 %, H 10.38 %, N 1.52 %; found: C 74.31 %, 
H 10.57 %, N 1.29 %. 
Synthesis of {3,4,5(C14)Ni} 
To a hot solution of 3,4,5(C14) (1.78 g, 0.001 mol) in chloroform was added 
dropwise a hot solution of Ni(OOCCH3)2.4H2O (0.27 g, 0.0011 mol) in 
methanol. The reaction mixture was refluxed overnight. After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was crystallized from ethyl acetate, washed with 
methanol and dried in vacuo. Yield: 89 % (1.64 g). IR (KBr, cm-1): ν = 1624 
(C=N); 1203 (C–O). Elemental analysis calcd for C114H190O12N2Ni 
(MW = 1839.43): C 74.44 %, H 10.41 %, N 1.52 %; found: C 74.13 %, 
H 10.47 %, N 1.51 %. 
In Table 4.13 shows the elemental analysis results of the 
{3,4,5(Cx)M}-complexes. 
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Table 4.13: Elemental analysis results of the {3,4,5(Cx)M}-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[3,4,5(C18)Ni] 60 76.17 (75.85) 11.02 (11.51) 1.29 (1.44) 
[3,4,5(C16)Ni] 85 75.38 (75.29) 10.74 (10.78) 1.40 (1.30) 
[3,4,5(C14)Ni] 89 74.44 (74.13) 10.41 (10.47) 1.52 (1.51) 
[3,4,5(C14)Cu] 81 74.24 (74.31) 10.38 (10.57) 1.52 (1.29) 
[3,4,5(C12)Ni] 92 73.31 (73.01) 10.01 (10.35) 1.68 (1.70) 
[3,4,5(C12)Cu] 96 73.10 (72.84) 9.98 (9.53) 1.67 (1.63) 
Synthesis of [{3,4,5(C14)Cu}2La] 
To a solution of {3,4,5(C14)Cu} (0.553 g, 0.3 mmol) in acetone was added a 
solution of La(NO3)3.6H2O (0.143 g, 0.33 mmol) in acetone. The reaction 
mixture was stirred at room temperature for a period of 24 hours. The 
precipitate was filtered off, washed with cold methanol and dried in vacuo. 
Yield: 96 % (578 mg). IR (KBr, cm-1): ν = 1639 (C=N), 1198 (C–O), 1030 
(NO3); Elemental analysis calcd for C228H380O33N7Cu2La (MW = 4013.48): 
C 68.23 %, H 9.54 %, N 2.44 %; found: C 68.19 %, H 9.70 %, N 2.47 %. 
Synthesis of [{3,4,5(C14)Ni}2La] 
To a solution of {3,4,5(C14)Ni} (0.277 g, 0.15 mmol) in acetone was added a 
solution of La(NO3)3.6H2O (0.072 g, 0.17 mmol) in acetone. The reaction 
mixture was stirred at room temperature for a period of 24 hours. The 
precipitate was filtered off, washed with cold methanol and dried in vacuo. 
Yield: 36 % (108 mg). IR (KBr, cm-1): ν = 1627 (C=N); 1201 (C–O); 1032 
(NO3); Elemental analysis calcd for C228H380O33N7Ni2La (MW = 4003.78): 
C 68.40 %, H 9.56 %, N 2.56 %; found: C 68.18 %, H 10.06 %, N 2.25 %. 
The synthesis of the other compounds is analogous to the described 
compounds. The elemental analysis results for the [{3,4,5(C12)Cu}2Ln]-
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complexes are summarized in Table 4.14. Table 4.15 shows the results for 
the [{3,4,5(Cx)Ni}2Ln]-complexes. 
Table 4.14: Elemental analysis results for the [{3,4,5(C12)Cu}2Ln]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[{3,4,5(C12)Cu}2La] 78 66.64 (66.92) 9.10 (9.44) 2.67 (2.48) 
[{3,4,5(C12)Cu}2Pr] 92 66.60 (66.98) 9.10 (9.53) 2.67 (2.38) 
[{3,4,5(C12)Cu}2Nd] 89 66.54 (66.44) 9.09 (9.09) 2.66 (2.40) 
[{3,4,5(C12)Cu}Sm] 97 60.83 (60.89) 8.31 (8.56) 3.48 (2.94) 
[{3,4,5(C12)Cu}Eu] 91 60.83 (61.11) 8.31 (8.66) 3.48 (3.08) 
[{3,4,5(C12)Cu}Gd] 96 60.67 (61.55) 8.29 (8.71) 3.46 (3.02) 
[{3,4,5(C12)Cu}Tb] 92 60.62 (60.56) 8.28 (8.45) 3.47 (3.00) 
[{3,4,5(C12)Cu}Dy] 95 60.51 (60.66) 8.26 (8.51) 3.46 (2.94) 
[{3,4,5(C12)Cu}Ho] 88 60.44 (60.62) 8.25 (8.65) 3.46 (3.00) 
[{3,4,5(C12)Cu}Er] 98 60.37 (60.77) 8.25 (8.51) 3.45 (2.87) 
[{3,4,5(C12)Cu}Tm] 93 60.32 (60.94) 8.24 (8.68) 3.45 (3.08) 
[{3,4,5(C12)Cu}Yb] 99 60.20 (60.31) 8.22 (8.49) 3.44 (2.90) 
[{3,4,5(C12)Cu}Lu] 91 60.14 (61.18) 8.21 (8.72) 3.44 (2.95) 
Table 4.15: Elemental analysis results for the [{3,4,5(Cx)Ni}2Ln]-complexes. 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[{3,4,5(C18)Ni}2Gd] 40 70.60 (70.09) 10.22 (10.70) 2.09 (2.09) 
[{3,4,5 (C16)Ni}2La] 47 69.73 (69.42) 9.94 (10.07) 2.26 (2.04) 
[{3,4,5 (C14)Ni}2La] 36 68.40 (68.18) 9.56 (10.02) 2.45 (2.25) 
[{3,4,5 (C12)Ni}2La] 78 66.12 (66.04) 9.13 (9.42) 2.67 (2.40) 
[{3,4,5 (C12)Ni}2Gd] 62 66.48 (66.80) 9.08 (9.44) 2.66 (2.30) 
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4.8.2.2 Linking group = 1,2-diaminobenzene 
Synthesis of 3,4,5(C14)? 
To a solution of 3-formyl-4-hydroxyphenyl-3,4,5-tris(tetradecyloxy)benzoate 
(0.88 g, 0.001 mol) in 150 mL of toluene was added 1,2-diaminobenzene 
(54 mg, 0.5 mmol) and 5 drops of glacial acetic acid (as the catalyst). The 
mixture was heated during 3 hours at reflux and water formed by the 
reaction was removed azeotropically (Dean-Stark trap). After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was purified by recrystallization from absolute 
ethanol. Yield: 92 % (0.84 g). Elemental analysis calcd for C118H192O12N2 
(MW = 1830.79): C 77.41 %, H 10.57 %, N 1.53 %; found: C 76.94 %, 
H 10.57 %, N 1.54 %. IR (KBr, cm-1): 1626 (C=N); 1209 (C–O). 1H-NMR 
(δH, CDCl3, 300 MHz): 0.88 (18H, t, CH3), 1.26 (60H, m, CH2), 1.49 (12H, 
m, CH2CH2CH2O), 1.83 (12H, m, CH2CH2O), 4.05 (16H, m, CH2O, 
CH2N), 6.80-7.45 (14H, m, H-aryl), 8.59 (2H, s, CH=N), 13.01 (2H, s, OH). 
M.p. = 67°C 
Synthesis of {3,4,5(C14)? Cu} 
To a hot solution of 3,4,5(C14)? (0.24 g, 0.13 mmol) in chloroform was 
added dropwise a hot solution of Cu(OOCCH3)2.H2O (30 mg, 0.15 mol) in 
methanol. The reaction mixture was refluxed overnight. After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was crystallized from ethyl acetate, washed with 
methanol and dried in vacuo. Yield: 92 % (0.23 g). IR (KBr, cm-1): ν = 1606 
(C=N); 1203 (C–O). Elemental analysis calcd for C118H196O15N2Cu 
(MW = 1892.32): C 72.82 %, H 10.15 %, N 1.44 %; found: C 72.88 %, 
H 10.24 %, N 1.49 %. 
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Synthesis of {3,4,5(C14)? Ni} 
To a hot solution of 3,4,5(C14)? (0.46 g, 0.25 mmol) in chloroform was 
added dropwise a hot solution of Ni(OOCCH3)2.4H2O (70 mg, 0.28 mol) in 
methanol. The reaction mixture was refluxed overnight. After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was crystallized from ethyl acetate, washed with 
methanol and dried in vacuo. Yield: 86 % (0.41°g). IR (KBr, cm-1): ν = 1606 
(C=N); 1203 (C–O). Elemental analysis calcd for C118H190O12N2Ni 
(MW = 1887.47): C 75.09 %, H 10.15 %, N 1.48 %; found: C 74.68 %, 
H 10.28 %, N 1.50 %. 
Synthesis of [{3,4,5(C14)? Cu}2La] 
To a solution of {3,4,5(C14)? Cu} (0.189 g, 0.1 mmol) in acetone was added 
a solution of La(NO3)3.6H2O (0.048 g, 0.11 mmol) in acetone. The reaction 
mixture was stirred at room temperature for a period of 24 hours. The 
precipitate was filtered off, washed with cold methanol and dried in vacuo. 
Yield: 40 % (164 mg). IR (KBr, cm-1): ν = 1629 (C=N); 1306 (C–O). 
Elemental analysis calcd for C236H380O33N7Cu2La (MW = 4105.59): 
C 68.98 %, H 9.33 %, N 2.39 %; found: C 68.45 %, H 9.23 %, N 1.97 %. 
Synthesis of [{3,4,5(C14)? Ni}2La] 
To a solution of {3,4,5(C14)? Ni} (0.189 g, 0.1 mmol) in acetone was added 
a solution of La(NO3)3.6H2O (0.048 g, 0.11 mmol) in acetone. The reaction 
mixture was stirred at room temperature for a period of 24 hours. The 
precipitate was filtered off, washed with cold methanol and dried in vacuo. 
Yield: 46 % (187 mg). IR (KBr, cm-1): ν = 1598 (C=N); 1205 (C–O). 
Elemental analysis calcd for C236H380O33N7Ni2La (MW = 4095.60): 
C 69.15 %, H 9.35 %, N 2.39 %; found: C 69.23 %, H 9.36 %, N 2.06 %. 
− Chapter 4 − 
 
161 
4.8.2.3 Linking group = 1,3-diamino-2-propanol 
Synthesis of 3,4,5(C14)٨٨ 
To a solution of 3-formyl-4-hydroxyphenyl-3,4,5-tris(tetradecyloxy)benzoate 
(1.33 g, 0.002 mol) in 200 mL of toluene was added 1,3-diamino-2-propanol 
(90 mg, 0.001 mol) and 5 drops of glacial acetic acid (as the catalyst). The 
mixture was heated during 3 hours at reflux and water formed by the 
reaction was removed azeotropically (Dean-Stark trap). After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was purified by recrystallization from absolute 
ethanol. Yield: 80 % (1.11 g). Elemental analysis calcd for C115H194O13N2 
(MW = 1388.03): C 76.19 %, H 10.79 %, N 1.55 %; found: C 76.18 %, 
H 10.99 %, N 1.42 %. IR (KBr, cm-1): 1641 (C=N); 1201 (C–O). 1H-NMR 
(δH, CDCl3, 300 MHz): 0.88 (18H, t, CH3), 1.25 (60H, m, CH2), 1.48 (12H, 
m, CH2CH2CH2O), 1.83 (12H, m, CH2CH2O), 3.75 (5H, m, CH2N, 
HCOH), 4.04 (12H, m, CH2O), 4.31 (1H, s, HCOH), 7.00 (2H, d, H-aryl), 
7.12 (2H, d, H-aryl), 7.17 (2H, d, H-aryl), 7.38 (4H, s, H-aryl), 8.41 (2H, s, 
CH=N), 13.05 (2H, s, OH). M.p. = 82°C 
Synthesis of [{3,4,5(C14)٨٨}2Nd2] 
To a hot solution of 3,4,5(C14)٨٨ (0.36 g, 0.20 mmol) in chloroform was 
added Sm(OOCCH3)3.H2O (72 mg, 0.22 mol). The reaction mixture was 
refluxed overnight. After allowing the solution to cool to room temperature, 
the solvent was removed at reduced pressure. The crude product was 
crystallized from a water-ethyl acetate mixture, washed with water and dried 
in vacuo. Yield: 62 % (0.24°g). IR (KBr, cm-1): ν = 1633 (C=N); 1203 (C-O); 
Elemental analysis calcd for C230H382O26N4Sm2 (MW = 3920.23): C 70.47 %, 
H 9.82 %, N 1.43 %; found: C 69.97 %, H 9.69 %, N 1.41 %. MALDI-
TOF: MW(isotopic) = 3920.71 m/e; MW(found) = 3921.65 m/e. 
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The elemental analysis results of these complexes with some other 
lanthanides are summarized in Table 4.16. 
Table 4.16: Elemental analysis results of the [{3,4,5(Cx)٨٨}2Ln2]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[{3,4,5(C14)٨٨}2Nd2] 74  70.69 (70.59) 9.85 (8.84) 1.43 (1.44) 
[{3,4,5(C14)٨٨}2Sm2] 62  70.47 (69.97) 9.82 (9.69) 1.43 (1.41) 
[{3,4,5(C14)٨٨}2Gd2] 49  70.22 (69.67) 9.79 (9.96) 1.42 (1.34) 
4.8.3 Synthesis of the rod-like complexes 
After the first two general steps, the synthesis of the calamitic complexes is 
splitted according to the used linking group. 
Synthesis of 4-tetradecyloxyphenol (1) 
To a mixture of hydroquinone (33.03 g, 0.3 mol) and K2CO3 (13.82 g, 
0.1 mol) in 300 mL of PEG-200/dioxane (1:1) was added 
1-bromotetradecane (27.73 g, 0.1 mol). Stirring was continued for 12 h at 
110 °C, under an argon atmosphere. After allowing the solution to room 
temperature, the dioxane was evaporated at reduced pressure. The 
remaining residue was acidified with HCl (6 N) and extracted three times 
with ether. The ether layers were washed with water, dried over MgSO4, and 
the solvent was removed using a rotavap. Yield: 68 % (20.84 g). Elemental 
analysis calcd for C20H34O3 (MW = 306.48): C 78.38 %, H 11.18 %; found: 
C 78.42 %, H 11.34 %. 1H-NMR (δH, CDCl3, 300 MHz): 0.88 (3H, t, CH3), 
1.26 (20H, m, CH2), 1.40 (2H, m, CH2CH2CH2O), 1.75 (2H, m, 
CH2CH2O), 3.89 (2H, t, CH2O), 6.77 (4H, d, H-aryl). 
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Synthesis of 2-hydroxy-5-tetradecyloxybenzaldehyde (2) 
To a solution of 4-tetradecyloxyphenol (18.36 g, 0.06 mol) in 500 mL of dry 
toluene was added tributylamine (4.45 g, 0.024 mol). Then the reaction 
mixture was evacuated and an argon atmosphere was introduced. Through a 
septum, anhydrous SnCl4 was added (1.56 g, (= 0.70 mL), 6 mmol) with the 
aid of an oven-dried glass syringe. The reaction mixture was left to stir for 
30 min at room temperature. Then, paraformaldehyde (3.60 g, 0.13 mol) was 
added under a continuous argon flow. Stirring was continued for 10 h at 
100 °C. After cooling to room temperature, the reaction mixture was 
poured in 500 mL of water and acidified with HCl (2 N) to pH = 2. The 
crude product was extracted with ether from the reaction mixture. The 
solvent was removed using a rotavap. The crude compound was purified by 
column chromatography (silica, with dichloromethane as the eluants). Yield: 
47 % (9.43 g). Elemental analysis calcd for C21H34O3 (MW = 334.49): 
C 75.41 %, H 10.25 %; found: C 75.71 %, H 10.32 %. 1H-NMR (δH, CDCl3, 
300 MHz): 0.88 (3H, t, CH3), 1.26 (20H, m, CH2), 1.42 (2H, m, 
CH2CH2CH2O), 1.78 (2H, m, CH2CH2O), 3.93 (2H, t, CH2O), 6.92 (1H, d, 
Jo = 9.03 Hz, H-aryl), 6.99 (1H, d, Jm = 2.99 Hz, H-aryl), 7.13 (1H, dd, 
Jo = 9.01 Hz, Jm = 3.04 Hz, H-aryl),), 9.84 (1H, s, CHO), 10.64 (1H, s, OH). 
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4.8.3.1 Linking group = ethylenediamine 
Synthesis of (C14) 
To a solution of 2-hydroxy-5-tetradecyloxybenzaldehyde (2) (9.949 g, 
0.03 mol) in 500 mL of toluene was added ethylenediamine (0.90 g, 
0.015 mol) and 5 drops of glacial acetic acid (as the catalyst). The mixture 
was heated during 3 hours at reflux and water formed by the reaction was 
removed azeotropically (Dean-Stark trap). After allowing the solution to 
cool to room temperature, the solvent was removed at reduced pressure. 
The crude product was purified by recrystallization from absolute ethanol. 
Yield: 86 % (3.99 g). IR (KBr, cm-1): ν = 1639 (C=N), 1275 (C–O). 
Elemental analysis calcd for C44H72O4N2 (MW = 693.05): C 76.25 %, 
H 10.47 %, N 4.04 %; found: C 76.41 %, H 10.65 %, N 3.96 %. 1H-NMR 
(δH, CDCl3, 300 MHz): 0.88 (6H, t, CH3), 1.26 (40H, m, CH2), 1.43 (4H, m, 
CH2CH2CH2O), 1.74 (4H, m, CH2CH2O), 3.86 (4H, t, CH2N), 3.93 (4H, m, 
CH2O), 6.73 (2H, d, Jm = 2.19 Hz, H-aryl), 6.85 (2H, d, Jo = 8.79 Hz, H-
aryl), 6.90 (2H, dd, Jo = 8.76 Hz, Jm = 2.55 Hz, H-aryl), 8.28 (2H, s, CH=N), 
12.45 (2H, s, OH). M.p. = 121°C 
Synthesis of {(C14)Cu} 
To a hot solution of (C14) (2.08 g, 0.003 mol) in chloroform was added 
dropwise a hot solution of Cu(OOCCH3)2.H2O (0.66 g, 0.0033 mol) in 
methanol. The reaction mixture was refluxed overnight. After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was crystallized from ethyl acetate, washed with 
methanol and dried in vacuo. Yield: 93 % (2.07 g). IR (KBr, cm-1): ν = 1631 
(C=N), 1303 (C–O). Elemental analysis calcd for C44H70O4N2Cu 
(MW = 754.58): C 70.04 %, H 9.35 %, N 3.71 %; found: C 69.81 %, 
H 9.50 %, N 3.61 %. 
Table 4.17 shows the elemental analsysis results of the [(Cx)M]-complexes. 
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Table 4.17: Elemental analysis results of the [(Cx)M]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[(C16)Cu] 97  71.11 (70.65) 9.70 (9.97) 3.46 (3.33) 
[(C14)Cu] 93  70.04 (69.81) 9.35 (9.50) 3.71 (3.61) 
[(C12)Cu] 85  68.78 (68.36) 8.95 (8.80) 4.01 (3.92) 
[(C10)Cu] 78  67.31 (66.96) 8.47 (8.50) 4.36 (4.26) 
[(C8)Cu] 77  65.56 (65.03) 7.91 (7.97) 4.78 (4.68) 
[(C6)Cu] 77  63.43 (63.20) 7.22 (7.19) 5.28 (5.15) 
 
Synthesis of [{(C14)Cu}2La] 
To a solution of {(C14)Cu} (0.377 g, 0.5 mmol) in acetone was added a 
solution of La(NO3)3.6H2O (0.238 g, 0.55 mmol) in acetone. The reaction 
mixture was stirred at room temperature for a period of 24 hours. The 
precipitate was filtered off, washed with cold methanol and dried in vacuo. 
Yield: 91 % (424 mg). IR (KBr, cm-1): ν = 1641 (C=N); 1278 (C–O); 1028 
(NO3). Elemental analysis calcd for C88H144O19N7Cu2La (MW = 1870.12): 
C 56.52 %, H 7.76 %, N 5.24 %; found: C 56.43 %, H 7.74 %, N 5.12 %. 
Table 4.18 shows the elemental analysis results of other [{(Cx)Cu}2Ln]-
complexes. 
− Supramolecular f-d metallomesogens − 
 
166 
 
Table 4.18: Elemental analysis results of the [{(Cx)Cu}2Ln]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[{(C16)Cu}2La] 95 59.24 (59.24) 8.08 (8.15) 5.04 (4.82) 
[{(C16)Cu}2Nd] 91 59.08 (59.18) 8.07 (8.16) 5.02 (4.87) 
[{(C16)Cu}2Gd] 88 58.69 (58.31) 8.00 (8.11) 4.99 (4.71) 
[{(C16)Cu}2Ho] 94 58.46 (58.02) 7.97 (8.22) 4.97 (4.66) 
[{(C16)Cu}2Yb] 98 58.22 (58.85) 7.94 (8.46) 4.95 (4.85) 
[{(C14)Cu}2La] 91 56.52 (56.34) 7.76 (7.74) 5.24 (5.12) 
[{(C14)Cu}2Gd] 89 57.06 (56.71) 7.62 (7.55) 5.29 (5.03) 
[{(C14)Cu}2Yb] 82 56.58 (55.99) 7.55 (7.70) 5.25 (5.03) 
[{(C14)Cu}2La] 96 55.82 (55.54) 7.27 (7.18) 5.70 (5.46) 
[{(C14)Cu}2Gd] 89 55.21 (54.88) 7.19 (7.05) 5.64 (5.23) 
[{(C10)Cu}2La] 86 53.72 (53.25) 6.76 (6.81) 6.09 (5.82) 
[{(C10)Cu}2Gd] 93 53.12 (52.74) 6.69 (6.68) 6.02 (5.87) 
[{(C10)Cu}2Yb] 91 52.61 (53.04) 6.62 (6.90) 5.96 (5.48) 
[{(C8)Cu}2La] 76 51.33 (50.86) 6.19 (6.22) 6.55 (6.28) 
[{(C8)Cu}2Gd] 92 50.71 (50.33) 6.12 (6.22) 6.47 (6.28) 
[{(C8)Cu}2Yb] 88 50.19 (49.77) 6.05 (6.23) 6.40 (6.27) 
[{(C6)Cu}2La] 92 48.56 (48.23) 5.53 (5.60) 7.08 (6.75) 
[{(C6)Cu}2Gd] 87 47.92 (47.52) 5.46 (5.68) 6.99 (6.85) 
[{(C6)Cu}2Yb] 94 47.39 (46.78) 5.40 (5.71) 6.91 (6.45) 
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4.8.3.2 Linking group = bis-(2-aminoethyl)-amine 
Synthesis of (C14)∏ 
To a solution of 2-hydroxy-5-tetradecyloxybenzaldehyde (2) (5.52 g, 
16.5 mmol) in 500 mL of toluene was added bis-(2-aminoethyl)-amine 
(0.85 g, 8.3 mmol) and 5 drops of glacial acetic acid (as the catalyst). The 
mixture was heated during 3 hours at reflux and water formed by the 
reaction was removed azeotropically (Dean-Stark trap). After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was purified by recrystallization from absolute 
ethanol. Yield: 85 % (5.15 g). IR (KBr, cm-1): ν = 1639 (C=N), 1275 (C–O). 
Elemental analysis calcd for C46H77O4N3 (MW = 736.12): C 75.05 %, 
H 10.54 %, N 5.71 %; found: C 74.89 %, H 10.52 %, N 5.61 %. 1H-NMR 
(δH, CDCl3, 250 MHz): 0.88 (6H, t, CH3), 1.27 (40H, m, CH2), 1.42 (4H, m, 
CH2CH2CH2O), 1.75 (4H, m, CH2CH2O), 2.99 (4H, t, CH2N), 3.71 (4H, t, 
C=NCH2), 3.89 (4H, m, CH2O), 6.75 (2H, d, H-aryl), 6.88 (4H, m, H-aryl), 
8.31 (2H, s, CH=N), 12.77 (2H, s, OH). 
M.p. = 79°C 
Synthesis of {(C14)∏ UO2} 
To a hot solution of (C14)∏ (0.74 g, 1.0 mmol) in chloroform was added 
dropwise a hot solution of UO2(OOCCH3)2.2H2O (0.47 g, 1.1 mmol) in 
methanol. The reaction mixture was refluxed overnight. After allowing the 
solution to cool to room temperature, the solvent was removed at reduced 
pressure. The crude product was crystallized from ethyl acetate, washed with 
methanol and dried in vacuo. Yield: 97 % (0.98 g). IR (KBr, cm-1): ν = 1631 
(C=N), 1302 (C–O), 890 (U=O), 509 (U-O). Elemental analysis calcd for 
C46H75O4N3UO2 (MW = 1004.13): C 55.02 %, H 7.53 %, N 4.18 %; found: 
C 54.88 %, H 7.43 %, N 4.04 %. 
− Supramolecular f-d metallomesogens − 
 
168 
The elemental results of these complexes with different chain lengths are 
shown in Table 4.19. 
Table 4.19: Elemental analysis results of the [(Cx)∏ UO2]-complexes 
  Elemental analysis: calc. (found) % 
Complex Yield (%)  C H N 
[(C10)∏ UO2] 92 51.23 (51.22) 6.56 (7.01) 4.72 (4.57) 
[(C12)∏ UO2] 89 53.27 (53.33) 7.02 (7.09) 4.44 (4.24) 
[(C14)∏ UO2] 97 55.02 (54.88) 7.53 (7.43) 4.18 (4.04) 
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Chapter 5  
MAGNETISM OF THE f-d  COMPLEXES 
5.1 Introduction 
During recent years, considerable research effort has been invested in the 
design of new metal-containing liquid crystals (metallomesogens) with the 
aim of combining the unique properties of anisotropic fluids (anisotropy of 
physical properties and fast orientational response to external fields) with 
the specific properties of metals (magnetic, electronic). 
Binuclear heterometallic metallomesogens involving lanthanide and 
transition metal ions are a new class of molecular materials, which may be of 
interest from several points of view. In these compounds, the single-ion 
magnetic anisotropy is combined with the strongly anisotropic exchange 
interactions between 4f and 3d ions. In addition, 4f-3d exchange interactions 
and related energy-transfer processes between different metal centres in 
combination with liquid crystal properties of these complexes can result in 
some new magneto-optical effects. Undoubtedly, one of the results could be 
obtaining unique data about the correlation between molecular structure, 
liquid-crystalline state and magnetic properties of supramolecular organised 
materials. Hitherto, a theoretical treatment of the magnetic interactions 
between lanthanide ions and transition metal ions was mostly restricted to 
GdIII, because of its pure spin ground state, 8S7/2.1,2 
We performed magnetic measurements on the compounds shown in Figure 
5.1. The structural and thermal properties of these compounds were 
discussed in Chapter 4. 
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Figure 5.1: Structure of the magnetically measured Cu-Ln compounds  
(upper structure for Ln = La-Nd; lower structure for Ln = Sm-Lu) 
The temperature dependence of the magnetic susceptibility of these 
compounds was investigated in the range 3-300 K. The spectra were 
measured by a VSM (Vibrating Sample Magnetometer) delivered by Oxford 
Instuments and operating between 1.5 and 350 K and equipped with a 
magnet (range 0-12 T) and by a Cryogenic S600 SQUID (Superconducting 
Quantum Interference Device) operating between 2 and 320 K and equiped 
with a magnet (range 0-6.5 T). The principle of these magnetometers is 
described in Appendix B. 
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5.2 Results and discussion 
The first measurements were performed on the Cu-Gd compound. This 
sample is rather easy to interpret and analogous non-mesomorphic 
compounds are described in the literature.2 The temperature dependence of 
the magnetic susceptibility of this sample in the range 3-300 K is shown in 
Figure 5.2 in the χT vs. T form. 
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Figure 5.2: χT vs. T spectrum of Cu-Gd compound 
The effective magnetic moment increases on decreasing temperature, going 
from 8.33 emu.K.mol-1 at 300 K to 10.12 emu.K.mol-1 at 3 K.  
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According to the Curie-Weiss law: 
 
kT3
)1J(JgN
T
C 2B
2
A +µ=χ=θ−  Equation 5.1 
With NA = Avogadro’s number 
 µB = Bohr magneton = 9.27 10-21 erg/gauss 
 gauss2  = erg/emu 
 g = Landé factor = 
)1J(J2
)1L(L)1S(S)1J(J1 +
+−++++  
 k  = 1.38 10-16 erg/K 
 
And thus: 
 
mol
emu.K1)J(J0.125gT 2 +=χ  Equation 5.2 
 
mol
K.emu125.0T 2effµ=χ  Equation 5.3 
with:  
 )1J(Jg22eff +=µ   Equation 5.4 
For transition metals, due to the quenching of the orbital angular 
momentum: 
 )1S(S42eff +=µ  Equation 5.5 
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If we apply this theory to our system: 
Gd3+: 4 f 7 : S = 7/2 with a ground state configuration: 8S7/2 
g = 2 ; µeff = 7.94 
Cu2+ : 3 d 9 : S = 1/2 with a ground state configuration: 2D5/2 
g = 2 ; µeff = 1.73 
 
And thus for χT: 
χT = 0.125 (7.942 + 1.732) emu.mol-1.K = 8.25 emu.K.mol-1 
Thus, if we calculate the χT value for one gadolinium(III) and one 
copper(II) ion at room temperature, where they are essentially not 
interacting, we get 8.25 emu.K.mol-1. This calculated value is comparable 
with the experimental value of 8.33 emu.K.mol-1. 
In order to calculate the χT value at low temperature, we can assume that 
the spin state S equals 4, resulting from ferromagnetic coupling between 
GdIII (S = 7/2) and CuII (S = 1/2). 
Since: 
 
mol
K.emu125.0T 2effµ=χ  Equation 5.3 
 )1S(S42eff +=µ  Equation 5.5 
And thus for S = 4: 
χT = 0.125.80 emu.mol-1.K = 10.00 emu.K.mol-1 
This value compares well with the experimental value of 10.12 emu.K.mol-1. 
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The theoretical expression for χT is: 
 diaT
kT
J4exp97
kT
J4expg15g7
k
N4T
2
4
2
32
B +


 −+


 −+µ=χ  Equation 5.6 
where g3 and g4 are the Zeeman factors associated with the S = 3; E(3) = 4J 
and S = 4; E(4) = 0 low lying states, respectively g3 and g4 are related to the 
Zeeman factors through: 
 ( )
8
gg9g CuGd3
−=  Equation 5.7 
 ( )
8
gg7g CuGd4
+=  Equation 5.8 
and dia means the diamagnetic correction which should be used in case of a 
bulky ligand and is in this case equal to –1380.10-6 emu.mol-1. 
Least squares fitting of the experimental data leads to a positive 
J = 2.88 cm-1, gGd = 2.00 and gCu = 2.06 thus indicating a ferromagnetic 
coupling between the CuII ion and the GdIII ion. 
In these examples, with GdIII having a pure spin ground state, the magnetic 
properties can be interpreted with a Heisenberg Hamiltonian of type 
JSGd⋅SCu, where J is the interaction parameter (positive for a ferromagnetic 
interaction) and SGd and SCu are the spin operators for Gd and Cu ions, 
respectively. For other paramagnetic rare-earth ions, the situation is more 
complicated because of the presence of an orbital contribution in addition 
to the spin operator. Indeed, the spectrum of the low-lying states of a 
rare-earth ion consists of Stark sublevels arising from the splitting of the 
spectroscopic levels 2S+1LJ by the crystal-field perturbation. The number of 
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Stark levels depends on the site symmetry of the LnIII ion. For C1 symmetry, 
which is probably the case in these supramolecular compounds, 2J + 1 
sublevels are expected when the number of 4f electrons is even and J + 1/2 
when it is odd. The magnetic properties of a system where the lanthanide 
ion is in interaction with other paramagnetic species (such as CuII) are the 
superposition of two phenomena: the thermal depopulation of the Stark 
sublevels of the rare-earth ion and the magnetic interaction between LnIII 
and the other paramagnetic species.3 
To better understand the magnetic interaction mechanism between LnIII and 
CuII, it is necessary to study the intrinsic rare-earth ion magnetic properties 
without taking into account its crystal-field. The best way to do this is 
synthesising the same compounds with diamagnetic ZnII as the transition 
metal instead of CuII and subtracting this value from that of the copper-
complexes. However, the change of the d-metal ion can result in a change of 
structure, and since the magnetic properties are related to the structure, no 
unequivocal conclusions can be drawn. Moreover, it is beyond the scope of 
this research project to do a quantum chemical approach of the principle of 
the exchange interaction between LnIII and CuII. 
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SUMMARY 
The research towards lanthanide-containing liquid crystals with Schiff’s base 
ligands started 12 years ago, when Galyametdinov described the synthesis 
and mesomorphic behaviour of lanthanide complexes with two-ring N-alkyl 
salicylaldimine ligands (Schiff’s bases). In the following years, a lot of 
attention was paid to analogous compounds and a major breakthrough came 
when lanthanide complexes with one-ring Schiff’s base ligands exhibit 
mesomorphism. Since the ligands do not form a mesophase themselves, 
mesomorphism is induced by the lanthanide ion. These complexes had an 
enhanced thermal stability and exhibit a smectic A phase with a relatively 
low viscosity. 
We studied the lanthanide complexes with three-ring Schiff’s base ligands. 
The influence of the lanthanide ion on the transition temperatures was 
marginal, although it was found that the nematic phase of the ligand was 
suppressed, in favour of the smectic C phase. Apparently, the amount of 
aromatic rings in the Schiff’s base ligand has an effect on the thermal 
behaviour of their lanthanide complexes. In these types of compounds, the 
counter ion has a substantial influence on the transition temperatures. The 
substitution of NO3− for Cl− has been shown to drastically higher the 
transition temperatures over 80 °C in the three-ring systems. 
A new approach to design lanthanide-containing metallomesogens with 
these type of Schiff’s base ligands, was the formation of adducts. The 
tris(dibenzoylmethanato)lanthanide(III) complexes can form Lewis base 
adducts with N-alkyl salicylaldimines. The number of Schiff’s bases bound 
to a metal complex depends on the size of the lanthanide ion: two for most 
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of the lanthanides and one for the ions at the end of the lanthanide series 
(Tm, Yb, Lu). The crystal structure of an adduct of La(dbm)3 with a short-
chain Schiff’s base was determined, and this shows that the Schiff’s bases 
line up parallel to one another. Both the X-ray crystal structure and NMR 
data show that the Schiff’s base in the adducts is present in a zwitterionic 
form. Not only the stoichiometry, but also the thermal behaviour of the 
complexes depends on the size of the lanthanide ion. The complexes 
[Ln(dbm)3(C14,C18)2] of the series Ln = La-Eu exhibit a monotropic smectic 
A phase. The temperature difference between the melting point and the 
clearing point of the monotropic mesophase increases over the lanthanide 
series. The complexes of the heavier lanthanides were not liquid-crystalline. 
A SmA mesophase is also observed for [La(dbm)3(Cx,C18)2] where x = 7-18. 
The chain length does not have a substantial influence on the melting point, 
but the clearing point increases with increases chain length, reaches a 
maximum and decreases for longer alkoxy chain length. The LaIII adducts 
with Schiff’s base alkoxy chain length 6 or less were not liquid-crystalline. 
We prepared the first examples of heteropolynuclear metallomesogens 
containing both a transition metal ion and a trivalent lanthanide ion. 
Adducts were formed between a mesomorphic Cu(salen) complex and a 
lanthanide nitrate. Different stoichiometries were found, depending on the 
lanthanide ion: trinuclear Cu-Ln-Cu complexes (Ln = La-Nd) and binuclear 
Cu-Ln complexes (Ln = Sm-Lu). The compounds exhibit a wide 
temperature-range hexagonal columnar mesophase (Colh) with rather low 
melting temperatures. Although the clearing point could be observed for the 
parent Cu(salen) complex, the mixed f-d complexes decomposed in the high-
temperature part of the mesomorphic domain, before clearing. We changed 
the d-metal ion into Ni2+ instead of Cu2+, and the effect on the structure and 
thermal behaviour is remarkable. Whereas the stoichiometry of the copper-
lanthanide complexes depended on the size of the trivalent lanthanide ion, 
only one stoichiometry was found for the nickel-lanthanide complexes: 
[{3,4,5(Cx)Ni}2Ln]. Both the nickel and nickel-lanthanide complexes 
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exhibited a hexagonal columnar mesophase (Colh). Complex formation with 
a lanthanide nitrate increases the mesophase stability range of the 
mesomorphic Ni(salen) complexes, although the melting point of these f-d 
complexes is comparable to that of the parent nickel complex. In contrast to 
the copper-lanthanide complexes, which decompose before the clearing 
point is reached, the thermal stability of the nickel-lanthanide complexes is 
higher and a clearing point can be observed. The mesophase stability range 
of both the nickel and the nickel-lanthanide complexes decreases with 
increasing alkoxy chain length. The lanthanide contraction has an influence 
on the stability of the mesophase: a larger mesophase range was observed 
for the nickel-lanthanum complexes than for the corresponding nickel-
gadolinium complexes. 
The influence of the linking group on these compounds was also studied. 
The replacement of ethylenediamine with 1,2-diaminobenzene does not 
have a substantial influence on the structure and thermal behaviour of the 
[{3,4,5(C14)? M}2La]-complexes. However, when we use 1,3-diamino-
2-propanol as the linking group, totally different systems are generated. 
Instead of a f-d complex, binuclear f-f complexes [{3,4,5(C14)٨٨}2Ln2] were 
formed, which exhibit rectangular columnar mesophases (Colr). 
To decrease the viscosity of the mesophase of these f-d complexes, the salen 
ligand is adapted to a rod-like shape. Therefore, long alkoxy chains are 
attached directly to the salen core. These CuII-LnIII complexes are all 
trinuclear and exhibit a SmA mesophase. The compounds decompose 
without clearing and their melting points decrease by going from La to Lu 
and by increasing chain length. 
The last part of this PhD-thesis describes the magnetic behaviour of the f-d 
complexes. Since it is beyond the scope of this thesis to do a quantum 
chemical approach of the exchange interactions between the d-metal ions 
and the lanthanide ions, only the [{3,4,5(C12)Cu}Gd]-complex is described. 
The CuII and GdIII ions are ferromagnetically interacting. 
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SAMENVATTING 
Het startsein van het onderzoek naar lanthanidehoudende vloeibare 
kristallen met Schiffse base liganden werd 12 jaar geleden gegeven door 
Galyametdinov, die de synthese en het mesomorfe gedrag beschreef van 
lanthanidecomplexen met twee-ring N-alkyl salicylaldimine liganden 
(Schiffse basen). In de daaropvolgende jaren werden analoge complexen 
beschreven en de grote doorbraak kwam er toen men ontdekte dat 
lanthanidecomplexen met één-ring Schiffse basen, mesomorfisme 
vertoonden. Aangezien de liganden op zich niet vloeibaar-kristallijn zijn, 
wordt mesomorfisme geïnduceerd door het lanthanide-ion. Deze 
complexen vertonen een verhoogde thermische stabiliteit en vormen een 
smectische A mesofase met een relatief lage viscositeit. 
Als uitbreiding op dit onderzoek bestudeerden we lanthanidecomplexen met 
Schiffse base liganden die drie aromatische ringen bevatten. Het lanthanide-
ion heeft weinig invloed op de transitietemperaturen, maar toch onderdrukt 
het de nematische mesofase van het ligand ten voordele van de smectische 
C mesofase. Blijkbaar heeft het aantal aromatische ringen in het Schiffse 
base ligand een effect op het thermisch gedrag van hun 
lanthanidecomplexen. In dit type van complexen heeft het tegenion een 
uitgesproken invloed op de transitietemperaturen. Het vervangen van NO3− 
door Cl− verhoogt drastisch de transitietemperaturen met meer dan 80 °C in 
de drie-ring systemen. 
Een nieuwe benadering voor het ontwerpen van lanthanidehoudende 
metallomesogenen met dit type van Schiffse base liganden, was de synthese 
van adducten. De tris(dibenzoylmethanato)lanthanide(III) complexen 
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kunnen Lewis base adducten vormen met N-alkyl salicylaldiminen. Het 
aantal Schiffse base liganden gebonden aan het metaal-complex hangt af van 
de grootte van het lanthanide-ion: twee voor de meeste lanthaniden en één 
voor de kleine lanthaniden aan het einde van de reeks (Tm, Yb en Lu). Uit 
de kristalstructuur van een adduct van La(dbm)3 met een Schiffse base 
ligand met korte ketens bleek dat de Schiffse basen parallel naast elkaar 
liggen. Zowel de X-stralen kristalstructuur als de NMR data tonen aan dat 
de Schiffse basen in de adducten aanwezig zijn in een zwitterionische vorm. 
Niet alleen de stoechiometrie, maar ook het thermisch gedrag is afhankelijk 
van de grootte van het lanthanide-ion. De complexen [Ln(dbm)3(C14,C18)2] 
waarbij Ln = La-Eu vertonen een monotrope smectische A mesofase. Het 
temperatuursverschil tussen het smeltpunt en het klaarpunt van de 
monotrope mesofase vergroot naarmate we verder gaan in de 
lanthanidereeks. De complexen van de zwaardere lanthaniden zijn niet 
vloeibaar-kristallijn. Een SmA mesofase is ook waargenomen voor 
[La(dbm)3(Cx,C18)2] waarbij x = 7-18. De ketenlengte heeft weinig invloed 
op het smeltpunt, maar het klaarpunt stijgt met stijgende ketenlengte, 
bereikt een maximum en daalt voor langere alkoxy ketenlengten. De LaIII 
adducten met alkoxy ketenlengte 6 of minder waren niet vloeibaar-kristallijn. 
We beschreven de allereerste heteropolynucleaire metallomesogenen met 
zowel een transitiemetaal als een lanthanide-ion. Er werden adducten 
gevormd tussen een mesomorf Cu(salen) complex en een lanthanidenitraat. 
De stoechiometrie is afhankelijk van het lanthanide-ion: trinucleaire 
Cu-Ln-Cu complexen (Ln = La-Nd) en binucleaire Cu-Ln complexen 
(Ln = Sm-Lu). Deze complexen vertonen een hexagonale columnaire 
mesofase (Colh) over een breed temperatuursgebied met relatief lage 
smelttemperaturen. Alhoewel het klaarpunt waargenomen kon worden voor 
de Cu(salen)-complexen, ontbinden de gemengde f-d complexen in het hoge 
temperatuursgedeelte van het mesomorf gebied, vóór het klaarpunt. We 
veranderden het d-metaalion in Ni2+ i.p.v. Cu2+, en het effect op de 
structuur en thermische eigenschappen is opvallend. Terwijl de 
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stoechiometrie van de koper-lanthanidecomplexen afhankelijk was de 
grootte van het lanthanide-ion is er één enkele stoechiometrie gevonden 
voor de nikkel-lanthanidecomplexen, nl. [{3,4,5(Cx)Ni}2Ln]. Zowel de 
nikkel als de nikkel-lanthanidecomplexen vertonen een hexagonale 
columnaire mesofase (Colh). Complexatie met een lanthanidenitraat 
verhoogt de stabiliteit van de mesomorfe Ni(salen)-complexen, alhoewel het 
smeltpunt van deze f-d complexen vergelijkbaar is met dat van het Ni(salen)-
complex. In tegenstelling tot de koper-lanthanidecomplexen die ontbinden 
voor het klaarpunt bereikt wordt, is de thermische stabiliteit van de nikkel-
lanthanidecomplexen hoger en het klaarpunt kan duidelijk waargenomen 
worden. De stabiliteit van de mesofase van zowel het nikkel- als het nikkel-
lanthanidecomplex daalt met stijgende alkoxy ketenlengte. De 
lanthanidecontractie heeft een invloed op de stabiliteit van de mesofase: de 
nikkel-lanthaancomplexen vertonen een breder mesofase gebied dan de 
analoge nikkel-gadoliniumcomplexen. 
We bestudeerden ook de invloed van de koppelingsgroep op deze 
verbindingen. Het vervangen van ethyleendiamine met 1,2-diaminobenzeen 
heeft weinig invloed op de structuur en thermische eigenschappen van de 
[{3,4,5(C14)? M}2La]-complexen. Als we echter 1,3-diamino-2-propanol 
gebruiken als koppelingsgroep worden er totaal andere systemen gecreëerd. 
In plaats van een f-d complex werden binucleaire f-f complexen 
[{3,4,5(C14)٨٨}2Ln2] gevormd met een rectangulaire columnaire mesofase 
(Colr). 
Om de viscositeit van de mesofasen van de f-d complexen te verlagen, werd 
het originele salen ligand aangepast tot een staafvormig ligand. Zodoende 
werden er lange alkoxy ketens gemaakt aan het salen ligand. Deze CuII-LnIII 
complexen zijn allemaal trinucleair en vertonen een SmA mesofase. Ze 
ontbinden in de mesofase en hun smelttemperaturen dalen als we gaan van 
La naar Lu en bij stijgende ketenlengte. 
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Het laatste deel van deze PhD-thesis beschrijft het magnetisch gedrag van 
de f-d complexen. Aangezien het niet de bedoeling is om in deze thesis een 
kwantumchemische benadering te geven van de uitwisselingsinteracties 
tussen de d-metaalionen en de lanthanide-ionen wordt enkel het 
[{3,4,5(C12)Cu}Gd]-complex beschreven. De CuII en GdIII ionen interageren 
op een ferromagnetische manier. 
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Appendix A  
REACTION MECHANISMS 
A.1 Esterification 
The general reaction mechanism for an esterification of a carboxylic acid 
with an alcohol is shown in Scheme A.1. 
The carboxylic acid is converted by DCC to anhydride, which forms an 
acylpyridinium species 1 with the catalyst (DMAP). This is followed by 
equilibration of 1 with the alcohol to produce the ion pair RO- and 2. 
Nucleophilic attack by RO- on the acyl group of 2 generates the desired 
ester and DMAP. The carboxylic acid is recycled by DCC while the catalyst 
(DMAP) is reused in the formation of 1. 
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Scheme A.1: General reaction mechanism of an esterification 
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A.2 Imine formation 
The mechanism for imine formation is essentially a two-step process. The 
first step (Scheme A.2) is the addition of the nucleophilic amine to the 
partially positive carbonyl carbon, followed by the loss of a proton from the 
nitrogen and the gain of a proton by the oxygen.  
OH
C
H
O
...
+ H2NR
fast
NH2R
OH
C
H
O
...
fast
NHR
OH
C
H
OH
...  
Scheme A.2: First step in the imine formation 
The second step (Scheme A.3) is the protonation of the OH group, which is 
removed as water in an elimination reaction. 
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Scheme A.3: Second step in the imine formation 
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A.3 Selective monoformylation 
The reaction mechanism for the selective monoformylation with SnCl4 is 
shown in Scheme A.4. 
RO OH + SnCl4 - HCl
RO O
Sn
R3N
R3N.HCl
CH2O
RO O
Sn
H2C O
RO O
CH2OSnH
RO OH
CH2OSn
CH2O
RO OH
CH
H
O
Sn
OH2C
RO OH
CHO
+ H3COSn
RO OH
- CH3OH
 
Scheme A.4: General reaction mechanism for a selective monoformylation 
Initially, the phenol reacts with SnCl4 giving the phenoxide intermediate. 
The resulting hydrogen chloride, which could lead to uncontrolled acid-
catalyzed phenol-formaldehyde condensation, is trapped by the tertiary 
amine. Thus bases, which poorly coordinate to the phenoxide intermediate, 
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but which can trap hydrogen chloride, are essential ingredients. The next 
stages involve a redox process between the phenol and formaldehyde 
leading to salicylaldehyde and tin(IV) methoxide. The last stage of the 
catalytic cycle is considered to be the alcoholysis of tin(IV) methoxide by 
the phenol leading to methanol with reformation of the active species. 
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Appendix B  
MAGNETOMETERS 
B.1 SQUID  
SQUID = Superconducting Quantum Interference Device 
What follows is a brief description of a SQUID magnetometer. It is not the 
goal of this text to be complete, but more or less to give an idea of the 
principle of this kind of apparatus. 
The SQUID is an example of a ‘classical’ flux sensing magnetometer; a 
moving magnetic moment induces an emf (electro-magnetic flux) in a 
detection coil. The flux φ induced in a coil is proportional to the magnetic 
moment of the sample. 
 
Figure B.1: Superconducting SQUID-ring with two Josephson junctions 
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The essential part of a SQUID is a superconducting ring with two 
Josephson junctions as schematically shown in Figure B.1. It is based on the 
fact that, below a critical temperature, electrons form Cooper pairs due to 
very subtle electron-phonon lattice interactions and the net effect is that, at 
least for an instant, a boson is created from 2 fermions. These Cooper pairs, 
which are the carriers of the superconducting current, can tunnel through an 
insulating barrier (Josephson junction) between two superconductors. 
A simplified SQUID magnetometer is depicted in Figure B.2. The 
SQUID-ring itself is treated as a ‘black-box’ with the following input and 
output attributes: 
9 At the input of the SQUID is a small superconducting coil, 
which communicates with the actual SQUID ring by means of 
their mutual inductance. Attached to the input coil is a 
superconducting ‘flux transformer’ consisting of a single turn 
which is placed in a long superconducting shield. 
9 The output of the SQUID, perhaps after some amplification 
etc., is a voltage that is a periodic function of the flux in the 
SQUID, i.e., it is proportional to the critical current. 
9 There is a second feedback coil, which also communicates with 
the SQUID-ring by their mutual inductance. 
9 Finally the SQUID is well shielded from stray fields. 
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Figure B.2: Simplified SQUID magnetometer 
Imagine that a small weakly magnetic sample is attached to a non-magnetic 
string and is far away from the detection coil (like in Figure B.2). There is no 
change in output voltage because the magnetic field of the sample (and 
hence flux) does not link to the detection coil (point 1 in Figure B.3). If we 
then start to slowly pull the sample into the coil, flux begins to link, and as a 
result, super currents are created. The output voltage begins to ‘climb up’ 
the valley to point 2.  
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Figure B.3: Simple feed-back system 
Now the trick is to send a small current back to the feed-back coil in such a 
manner as to bring the voltage back down to V = 0. In this way, the flux 
from the feed-back coil cancels that from the input coil. We then continue 
to bring the sample toward the centre of the detection coil, continuously 
increasing the feed-back current, until finally the sample is in the centre, and 
the SQUID output voltages remains zero. By reading the voltage across the 
feed-back resistor, we have a voltage, which is proportional to the flux in 
the SQUID-ring, which in turn (thanks to a calibration with a known 
sample) is proportional to the magnetic moment of the sample. 
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B.2 VSM  
VSM = Vibrating Sample Magnetometer 
The VSM is really a variation of the ‘classical’ flux sensing magnetometer 
except here, as the name implies, the sample is rapidly oscillating between 
the detection coils. As the SQUID was a DC (direct current) measurement, 
VSM has an AC (alternating current) detection.  
The essential part of a VSM consists of a magnet (driven by an AC current 
source) and pick-up of sensing coils (Figure B.4). 
 
Figure B.4: A schematic circuit diagram of a VSM 
In a VSM a sample is placed within suitably placed sensing coils, and is 
made to undergo sinusoidal motion, i.e. mechanically vibrated. The resulting 
magnetic flux changes induce a voltage in the sensing coils that is 
proportional to the magnetic moment of the sample. 
In Figure B.5 a setup of an AC susceptibility apparatus (like VSM) is 
depicted, showing the primary coil, the pick-up coils and the sample holder.  
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Figure B.5: Setup of the VSM 
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Appendix C 
SYNCHROTRON RADIATION 
The following text is only valid for the synchrotron radiation generated by 
the European Synchrotron Radiation Facility (ESRF) in Grenoble. 
C.1 The voyage of the electrons 
Synchrotron radiation is based on the principle that as electrons travelling at 
high speed are forced to change direction by a strong magnetic field, they 
emit electro-magnetic waves called synchrotron radiation. A schematic 
representation of the 3rd generation synchrotron X-ray radiation source is 
shown in Figure C.1. 
1
2
4
3
5
 
Figure C.1 Schematic representation of a 3the generation  
synchrotron radiation source 
1: lineac 
2: booster synchrotron 
3: storage ring 
4: experimental hall 
5: beamline 
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The electrons are emitted by an electron gun and then accelerated in a linear 
accelerator (lineac, 1) until their energy reaches 200 MeV. The electrons are 
then transferred to a circular accelerator (booster synchrotron, 2) where they 
are accelerated to reach an energy level of 6 billion electron volts (6 GeV). 
They are finally injected into the high-vacuum storage ring (3), 844 m in 
circumference, where they circulate at a constant energy for many hours. 
The storage ring contains both straight and curved sections, with different 
types of magnets. Bending magnets are located in the curved sections. They 
are the traditional source of synchrotron radiation. When the high-energy 
electrons pass through the magnetic field of the bending magnet, they 
deviate and emit light tangential to the curve (Figure C.2).  
High energy 
  electrons
Synchrotron 
   radiation
 
Figure C.2: Schematic representation of a bending magnet 
The most important radiation emitters are specially designed magnetic 
systems called insertion devices, placed in the straight sections of the storage 
ring. There are two types of insertions devices: wigglers and undulators. They 
both made up of a succession of small magnets of alternating polarity. The 
alternating magnetic fields force the electrons to oscillate around a straight 
trajectory. The light cones emitted at each bend are superimposed 
consequently the light intensity increases. Wigglers are shown in Figure C.3. 
The intensity increases proportionally with the number of magnets, and the 
energy spectrum is continuous.  
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Figure C.3: Schematic representation of a wiggler 
Undulators (Figure C.4) have more magnets and the light cones from 
different bends overlap and interfere with each other. In this case the 
wavelength spectrum is modified, leading to very high-intensity peaks at 
certain wavelengths. The magnets of the undulators are mounted on jaws 
that can be opened or closed. In this way, the high-intensity peaks can be 
adjusted to the required wavelength.  
 
Figure C.4: Schematic representation of an undulator 
C.2 Beamlines 
The synchrotron beams emitted by the electrons are directed towards the 
beamlines, which are placed tangential to the storage ring, inside the 
experimental hall. Each beamline is made up of three several rooms called 
hutches.  
The first hutch adjacent to the storage ring is the optics hutch. Here are the 
instruments that give the desired characteristics to the light for the 
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experiment. Slits define the shape of the beam, attenuators (filters) absorb, if 
necessary, part of its intensity, mirrors focus it, and one wavelength is 
selected by the monochromator. 
The second hutch is for the experiments (experimental hutch). A mechanical 
system of great precision allows the sample to be placed in the beam. A 
detector registers the X-rays scattered during the interaction of light and 
matter. On one beamline there may be several experimental devices 
(sometimes in different hutches) using varied techniques. 
The last hutch (control cabin) holds the system for data acquisition that 
receive the information sent by the detector as well as the computers that 
control the various elements on the beamline. From there, the scientists 
direct their experiments. 
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